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TYROSINE AND RESVERATROL
DERIVATIVES AS NOVEL MODULATORS
OF CELLULAR SERINE-ADP-
RIBOSYLATION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims filing benefit of U.S. Provi-
sional Application Ser. No. 63/302,349, having a filing date
of Jan. 24, 2022, and U.S. Provisional Application Ser. No.
63/349,673, having a filing date of Jun. 7, 2022, the enftire

contents of which are incorporated herein by reference.

FEDERAL RESEARCH STATEMENT

[0002] This mvention was made with government support
under P20 GM 109091 awarded by the National Institute of
Health. The government has certain rights in the invention.

BACKGROUND

[0003] Amimoacyl-tRNA synthetases activate amino acids
for protemn synthesis. For example, tyrosyl-tRNA (TyrRS)
activates tyrosine for protein synthesis. In addition to L-tyr-
osine (L-Tyr) being utilized for protein synthesis, L-Tyr also
acts as a substrate for tyrosine hydroxylase that catalyzes the
rate-limiting step 1n the synthesis of dopamine. Tyrosine 1s
circadian regulated, with the highest serum levels 1n the
morning and with the lowest at midnight (sleep time). Intri-
ouingly, brain protemn synthesis, memory formation, and
neuronal DNA repair are activated during sleep when tyro-
sine levels are decreased during the nadir/trough ot circa-
dian rhythm. Tyrosine levels are also modulated by the cir-
cadian activities of tyrosine hydroxylase, tyrosine
aminotransferases (TAT), and gut microbiota. Genetic muta-
tions that increase the levels of tyrosine (tyrosinemia) or 1ts
precursor L-phenylalanine (Phe, phenylketonuria [PKUJ)
cause multiple health problems, including cognitive deficits
in children. Moreover, tyrosine and/or phenylalanine
exacerbate cognitive decline 1n the elderly and i Alzhei-
mer’s disease (AD) patients, i addition to shortening life-
span 1n tyrosmemia patients. Although protein synthesis 1s
required for long-term memory formation, and brain-
dertved neurotrophic factor (BDNF) stimulates the de
novo synthesis of TyrRS 1 primary cortical neurons, recent
brain proteomic analysis showed that TyrRS 1s decreased
the affected bramn regions of AD patients through an

unknown mechanism.
[0004] Recent metabolic analyses showed that calorie

restriction (CR) decreases serum tyrosine levels, whether
tyrosine has any causal etffects 1n aging and age-associated
disorders and their reversal during CR 1s not yet known.
Calorie restriction promotes genomic stability through the
induction of base excision repair (BER) and reversal of its
age-related decline along with extension of litespan and pro-
tection against age-associated neurocognitive and metabolic
disorders, including cardiovascular diseases (CVD). Most
importantly, the natural molecule resveratrol (RSV) was
shown to evoke CR-like health benefits 1n humans, suggest-
ing that RSV may act as a potential ‘CR mimetic’. Intrigu-
ingly, clinical studies using the trans-isomer of RSV (trans-
RSV) brought out conflicting outcomes 1 which lower
doses of trans-RSV produced encouraging results, but
higher doses exacerbated the diseases. For example, low-

Sep. 14, 2023

dose trans-RSV showed CR-like benefits in obese males,
cognitive benefits in AD patients, and 1n postmenopausal
women, 1n addition to protection against heart failure. How-
ever, higher doses of trans-RSV resulted 1n brain volume
loss 1n AD patients, worsened memory performance 1n schi-
zophrema, and increased CVD risk. Despite decades of
research, the molecular basis of these controversial effects
of trans-RSV (low dose CR-like beneficial effects versus
high-dose detrimental etfects) remains unknown.

[0005] Increased tyrosine and phenylalanine levels
decrease TyrRS and cause neuronal oxidative DNA damage
by simultancously mhibiting protein synthesis and DNA
repair. Furthermore, cis- and trans-RSV have opposite
effects on TyrRS levels, protein synthesis, DNA repair,
and survival of rat cortical neurons. ¢1s-RSV protects the
neurons against tyrosine/phenylalanine and other neurotoxic
agents-induced depletion of TyrRS and DNA damage.
[0006] In view of the above, a need exists for improved
compositions and methods of modulating metabolic path-
ways and treating neurocognitive and metabolic disorders.

SUMMARY

[0007] In general, the present disclosure 1s directed to
methods and compositions for use 1 modulating DNA
damage response (DDR) signaling pathways. Further, dis-
closed herein are methods for modulating and/or treating
neurocognitive, sleep, and/or metabolic disorders and var-
1ous cancerous growth of tissues/cells. The composition
and method mclude administering to a subject m need
thereot a therapeutically effective amount of a pharmaceu-
tical composition comprising a compound having Formula

(D)

(D)

or a pharmaceutically acceptable salt and theirr 1somers
thereof, wherein:

[0008] ring A 15 a substituted or unsubstituted carbocy-
clyl, substituted or unsubstituted heterocyclyl, substi-
tuted or unsubstituted aryl, substituted or unsubstituted
heteroaryl; and

O
%/LN/\X

R11s

%_,.._-N
, O
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[0009] wheremn X 1s an amino acid side chain.
[0010] Also, compositions disclosed herein can include a
tyrosine denvative compound of formula V:

O (V)

or a pharmaceutically acceptable salt and their 1somers
thereof.
[0011] Further, compositions disclosed herein can include
a tyrosine derivative compound of formula VI:

(VD)

or a pharmaceutically acceptable salt and their 1somers

thereof.
[0012] Other features and aspects of the present disclosure

are discussed 1n greater detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] A full and enabling disclosure of the present dis-
closure 1s set forth more particularly 1n the remainder of the
specification, including reference to the accompanying fig-
ures, 1 which:

[0014] FIG. 1A presents spectral mmages (scale bar,
20 um) and quanfitative immunofluorescence analysis of
TyrRS 1n the nucleus, soma, and neurite of rat cortical neu-
rons (DIV9) using ant1-TyrRS antibody after treatment with
Tyr (250 uM) for 4 hr.

[0015] FIG. 1B presents spectral mmages (scale bar,
20 um) and quantitative mmmunofluorescence analysis of
TyrRS 1n the nucleus, soma, and neurite of rat cortical neu-
rons (DIV9) using ant1-TyrRS antibody after treatment with
low Tyr medium for 2 hr.

[0016] FIG. 1C presents total TyrRS immunoblots after
treatment with low Tyr medium 1n rat cortical neurons
(DIV9) using ant1-TyrRS antibody:.

[0017] FIG. 1D presents primary cortical neurons treated
with Tyr (100-300 uM) for 4 hr, and the levels of PheRSp
and PheRSa detected by Western Blot analysis using their
specific antibodies.

[0018] FIG. 1E presents representative images (scale bar,
20 um) for cortical neurons following siRNA TyrRS treat-
ment for 72 hr (MAP2- neunte marker, and DAPI -nuclear
marker).

[0019] FIG. 1F presents immunoblots and quantification
for TyrRS and PheRSo/B using anti-TyrRS and PheRSo/j3
antibodies 1n the hippocampal region of AD patients (n=7)
with age and sex-matched controls (n=7).

[0020] FIG. 2A presents primary cortical neurons were
treated with Tyr (200 uM) for up to 24 hr, and TyrRS was
detected by Western Blot analysis using anti-TyrRS
antibody.
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[0021] FIG. 2B presents representative immunoblots for
TyrRS and PheRSo/[} atter treatment with dopamine (100-
200 uM) for up to 30 min 1n rat cortical neurons (DIV9).
[0022] FIG. 2C presents representative immunoblots for
TyrRS and PheRSp after treatment with either dopamine
(100 uM) alone or mm combination with rapamycin
(100 nM) 1n rat cortical neurons (DIV9).

[0023] FIG. 2D presents primary cortical neurons treated
with Tyr (100-500 uM) for 8 hr and p-¢EF2 was detected by
Western Blot analysis using anti-p-¢EF2 antibody.

[0024] FIG. 3A presents immunoblots and spectral images
(scale bar, 20 um) and quantification for TyrRS after treat-
ment with cis-and trans-RSV (10 and 50 uM) forup to 16 hr
1n rat cortical neurons (DIV9).

[0025] FIG. 3B presents spectral images (scale bar,
20 um) the protem level of neuronal TyrRS 1n rat cortical

neurons (DIV10) following treatment with either c1s-RSVor

trans-RSVior 16 hr (MAP2 - neurite marker; DAPI - nuclear
marker; TyrRS).

[0026] FIG. 3C presents immunoblots showing the protein
levels of TyrRS after treatment with trans-RSV (50 uM)
alone or in combmation with different doses of ci1s-RSV
for 16 hr 1n rat cortical neurons (DIV9Y).

[0027] FIG. 3D presents primary cortical neurons treated
with Tyr (200 uM) alone or in combmation with c1s-RSV for
8 hr, and TyrRS was detected by Western Blot using anti-
TyrRS antibody.

[0028] FIG. 3E presents immunoblots and quantification
for PheRSo/p after treatment with cis-and trans-RSV (5-
50 uM) for up to 16 hr 1n rat cortical neurons (DIV9).
[0029] FIG. 3F presents primary cortical neurons treated
with ¢1s-RSV (50 uM) for 30 min either alone or 1n combi-
nation with CHX (100 uM).

[0030] FIG. 3G presents primary cortical neurons treated
with cis- and trans-RSV (5-50 uM) for 8 hr and p-eEF2 was
detected by Western Blot analysis using anti-p-¢EF2
antibody.

[0031] FIG. 3H presents primary cortical neurons treated
with ci1s- and trans-RSV (5-50 uM) for 1 hr and quantifying
the levels of puromycin using anti-puromycin antibody.
[0032] FIG. 31 presents primary cortical neurons treated
with c1s- and trans-RSV (50 uM) or Tyr (200 uM) either
alone or i combination with ¢1s-RSV. Immunoprecipitated
¢EF2 was probed for 1ts mteraction with PP2A and TyrRS
using their specific antibodies.

[0033] FIG. 4A presents immunostaining images (scale
bar, 10 um) for DNA damage marker, pSerl39-H2AX foci
(y-H2AX; DAPI - nuclear marker) m cortical neurons
(DIV10) after treatment with cis- and trans-RSV (50 uM)
alone or 1n combination with Tyr (250 uM) for 24 hr.
[0034] FIG. 4B presents quantification of 8-0x0-2'-dG
levels using immunofluorescence (IF) 1n rat primary cortical
neurons (DIV9/10) after treatment with Tyr (500 uM) either
alone or i combination with ci1s or trans-RSV (50 uM) for
16 hr.

[0035] FIG. 4C presents primary cortical neurons treated
with Tyr (100-300 uM) for 8 hr, and OGG1 was detected by
Western Blot analysis using anti-OGG1 antibody.

[0036] FIG. 4D presents rat cortical neurons (DIV9) trea-
ted with either D-Tyr alone or m combination with cis or
trans-RSV (50 uM) for 48 hr, and viability was assessed
using MTT assay.

[0037] FIG. 4E presents representative images (scale bar,
20 um) for cortical neurons following D-Tyr or c1s-RSV and
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trans-RSV (50 uM) tfor 24 hr treatment (MAP2 -neurite
marker, and DAPI - nuclear marker).

[0038] FIG. 4F presents rat cortical neurons (DIV9-10)
treated with c1s-RSV (50 uM), trans-RSV (50 uM), L-Tyr
(1 mM) either alone or in combmation for 1 hr.

[0039] FIG. SA presents immunoblots showing the protemn
levels of HPF1 1n rat cortical neurons (DIV9-10) after treat-
ment with Tyr (£ 300 uM) for up to 8 hr.

[0040] FIG. 5B presents representative immunoblots and
quantification of histone H3-Ser10- ADP-ribosylation levels
1in cortical neurons (DIV9) using anti-H3-Ser10-ADPR anti-
body after treatment with D-tyrosme (2.5 and 5 mM).
[0041] FIG. 5C presents representative immunoblots and
quantification for HPF1 using anti-HPF1 antibodies 1 cor-
tical neurons after treatment with cis-and trans-RSV (25-
50 uM).

[0042] FIG. SD presents representative immunoblots and
quantification for histone H3-Serine-ADPR using anti-H3-
Ser10-ADPR antibodies 1n cortical neurons after treatment
with cis-and trans-RSV (25-50 uM).

[0043] FIG. SE presents representative immunoblots and
quantification for HPF1 and histone H3-Serine-ADPR using
anti-HPF1 and anti-H3-Serine-ADPR antibodies respec-
tively 1n cortical neurons after treatment with BDNF
(50 nM).

[0044] FIG. SF presents representative immunoblots and
quantification for HPF1 and histone H3-Serine-ADPR
using anti-HPF1 and anti-H3-Serine-ADPR  antibodies
respectively 1n cortical neurons after treatment with ISRIB
(5 and 10 nM).

[0045] FIG. 5G presents representative immunoblots and
quantification of histone H3-Serl0-ADPR levels 1n cortical
neurons (DIV9) using anti-H3-Ser10-ADPR antibody after
treatment with DA (250 uM) for 5-10 mins.

[0046] FIG. SH presents representative immunoblots and
quantification for HPF1 and histone H3-Ser1 0-ADP-r1bosy-
lation (Serine-ADPR) using anti-HPF1 and anti-H3-Ser10-
ADPR antibodies respectively 1n the hippocampal region of
AD patients (n=5) with age and sex-matched controls (n=5).
[0047] FIG. 6 presents derivatives of tyrosmme and
resveratrol.

[0048] FIG. 7 presents average serum tyrosine levels
females compared to males.

[0049] FIG. 8A presents primary cortical neurons treated
with Tyr (100-300 uM) for 4 hr, and the levels of PheRSp]
and PheRSa detected by Western Blot analysis using their
speciiic antibodies.

[0050] FIG. 8B presents primary cortical neurons treated
with phenylalanine (100-300 uM) for 8 hr, and the levels of
TyrRS, and PheRSo/P were detected by Western Blot ana-
lysis using their specific antibodies.

[0051] FIG. 8C presents representative mmmunoblots
showing TyrRS, PheRSo/p levels after treatment with
increasing concentrations of L-DOPA (100-300 uM) for
8 hr using their specific antibodies.

[0052] FIG. 8D presents representative immmunoblots
showing TyrRS, PheRSp levels after treatment with increas-
ing concentrations of 6-OHDA (100 and 200 uM) for 8 hr
using their specific antibodies.

[0053] FIG. 8E presents rat cortical neurons (DIV7) trans-
fected with siRNA against TyrRS or control siRNA (75 nM)

for 72 hr, and the levels of TyrRS were quantified using anti-
TyrRS antibody.
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[0054] FIG. 8F presents primary cortical neurons treated
with MG132 (100 uM) for up to 2 hr and the changes 1n the
protein levels of TyrRS were immunoquantified using anti-
TyrRS antibody.

[0055] FIG. 8G presents primary cortical neurons treated
with bafilomycin (100 nM) for up to 2 hr and the changes 1n
the protein levels of TyrRS were mmmunoquantified using
ant1-TyrRS antibody.

[0056] FIG. 8H presents primary cortical neurons treated
with CHX (400 uM) for up to 4 hr and the changes 1n the
protem levels of TyrRS were immunoquantified using anti-
TyrRS antibody.

[0057] FIG. 9A presents rat cortical neurons (DIV 9) trea-
ted with NMDA (50 uM for 5 min) and then with trans-RSV
(5-50 uM) for 24 hr. Cells were then exposed to NMDA
(500 uM for 5 min) and viability was assessed using MTT
assay after 24 hr.

[0058] FIG. 9B presents rat cortical neurons (DIV 9) trea-
ted with NMDA (50 uM for 5 min) and then with c1s-RSV
(5-50 uM) for 24 hr. Cells were then exposed to NMDA
(500 uM for 5 min) and viability was assessed using MTT
assay after 24 hr.

[0059] FIG. 9C presents rat cortical neurons (DIV 7)
transtected with TyrRS or control siRNA (75 nM) and
then treated with c1s-RSV (50 uM) or trans-RSV (5, 10,
50 uM) for 24 hr. Neurons were then exposed to excitotoxic
NMDA (500 uM for 5 min), and viability was assessed
using MTT assay after 24 hr.

[0060] FIG. 9D presents rat cortical neurons (DIV 8) trea-
ted with trans-RSV alone or combined with different doses
of ¢1s-RSV (10-50 uM) for 48 hr, and viability was mea-
sured usimng MT'T assay.

[0061] FIG. 9E presents representative immunoblot
images and quantification using specific antibodies for PAR-
ylation, PARP1, AcK16-H4, AcK56-H3 levels after treat-
ment of cortical neurons (DIV 9) with cis- and trans-RSVior
15 mun.

[0062] FIG. 9F presents rat cortical neurons (DIV 7) were
transfected with control and TyrRS siRNA followed by
treatment with cis- (25 uM) and trans-RSV (5 uM) for
15 min and immunoblotting and quantification using the

specific antibodies for PARylation, PARP1 and TyrRS.
[0063] FIG. 10A presents representative immunoblots and

quantification from chromatin fraction of cortical neurons
(DIV 9) depicting PARP1 and PAR, ARH3, TyrRS after

treatment with cis- and trans-RSV (50 uM) for 1 hr.
[0064] FIG. 10B presents representative immunoblots and

quantification for ARH3 using anti-ARH3 antibody 1n the
hippocampal region of AD patients (n=5) with age and
sex-matched controls (n=5).

[0065] FIG. 10C presents immunoprecipitated (IP) TyrRS
from cortical neurons (DIV 9) immunoblotted (IB) using
ant1-TyrRS and anti-ARH3 antibodies to detect the mterac-

tion of TyrRS with ARH3.
[0066] FIG. 10D presents rat cortical neurons (DIV 7)

transfected with siRNA against PARP1 (siRNAPARPI) or
control siRNA (75 nM) and then treated with ci1s-RSV
(50 uM) or trans-RSV (50 uM) for 72 hr. Neuronal viability
was assessed and quantified using an MTT assay. The
knockdown was verified using immunoblot and quantified

using specific antibodies for PARPI.
[0067] FIG. 10E presents cortical neurons (DIV 9/10)

were treated with cis-or trans-RSV (50 uM) for 8 hr fol-
lowed by a 30 min pulse labeling using 50 uM of nucleoside
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analog, CldU (5-chloro-2'-deoxyuridine). DNA {fiber assay
was performed according to the published protocol followed

by immunostaining for smgle-stranded (ss) DNA and CldU.
[0068] FIG. 11A presents rat cortical neurons (DIV 9)

treated with NMDA (50 uM for 5 min), AG-14361 (AG,
10 uM),olaparib (Ola, 10 uM) either alone or 1 combina-
tion with c1s-RSV (50 uM) for 24 hr. Cells were then
exposed to NMDA (500 uM for 5 min) and viability was

assessed usmg MTT assay after 24 hr.

[0069] FIG. 11B presents rat cortical neurons (DIV 9)
treated with olaparib (10 uM), AG-14361 (10 uM) and tala-
zoparib (2 uM) either alone or 1n combination with trans-
RSV (50 uM) tfor 72 hr.

[0070] FIG. 11C presents immunostaining images (scale
bar, 10 um) for v-H2AX foc1 (DAPI - nuclear marker)
cortical neurons (DIV 10) after treatment with olaparib
(10 uM), AG-14361 (10 uM) and talazoparib (2 uM) for
24 hr.

[0071] FIG. 11D presents representative images (scale bar,
20 um) for cortical neurons followmg olaparib
(10 uM),AG-14361 (10 uM) and talazoparb (1 uM) treat-
ment for 24 hr (MAP2 - neurite marker, and DAPI - nuclear
marker).

[0072] FIG. 11E illustrates a proposed mechanism of cis-
RSV-mediated neuroprotection and trans-RSV-mediated
neurotoxicity.

[0073] FIG. 12A 1illustrates the mechanism of regulation
of protein synthesis by the phosphorylation of elF2a and
eEF2.

[0074] FIG. 12B presents primary cortical neurons treated
with BDNF (50 nM) for 1 hr alone and subjected to either
immunofluorescence analysis using anti-TyrRS antibody to
detect changes 1n the protein levels of TyrRS.

[0075] FIG. 12C presents primary cortical neurons treated
with BDNF (50 nM) for 1 hr in combination with rapamycin
(100 nM) and subjected to Western Blot analysis using anti-
TyrRS antibody to detect changes 1n the protein levels of
1vyrRS.

[0076] FIG. 12D presents primary cortical neurons treated
with DA (200 uM) for 2 hr and subjected to immunotluor-
escence analysis usmmg anti-TyrRS antibody to detect
changes 1n the protein levels of TyrRS.

[0077] FIG. 13A presents primary cortical neurons treated
with ci1s- and trans-RSV (5-50 uM) for 2 hr and p-elF2a
were detected by Western Blot analysis using anti-p-elF2ao
antibody.

[0078] FIG. 13B presents primary cortical neurons treated
with cis- and trans-RSV (25 uM) for up to 8 hr and changes
p-elF2a were detected by Western Blot analysis using anti-
p-¢lF2a antibody:.

[0079] FIG. 14A presents primary cortical neurons treated
with nelfinavir (20-40 uM) for 8 hr and changes 1n the levels
of TyrRS, PheRSP and p-¢EF2 were detected by Western
Blot analysis using their corresponding antibodies.

[0080] FIG. 14B presents primary cortical neurons treated
with nelfinavir (20 uM) alone or 1n combination with cis-
RSVtor 8 hr, and TyrRS was detected by Western Blot ana-
lysis using ant1-TyrRS antibody.

[0081] FIG. 14C presents representative spectral images
(scale bar, 20 um) for neuronal TyrRS after treatment with
neurotoxic agents (50 uM NMDA or 100 uM MPP+) for
4 hr 1n combiation with cis- and trans-RSV (50 uM) m
rat cortical neurons (DIV9).
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[0082] FIG. 14D presents quantification for neuronal
TyrRS after treatment with neurotoxic agents (50 uM
NMDA or 100 uM MPP+) for 4 hr in combmation with
c1s- and trans-RSV (50 uM) 1n rat cortical neurons (DIV9).
[0083] FIG. 15A presents primary cortical neurons were
treated with ISRIB (<50 nM) for 8 hr and changes 1n the
levels of TyrRS, PheRSP, p-eEF2, e¢EF2, p-¢lF2a, and
elF2a were detected and quantified by Western Blot analysis
using their respective antibodies.

[0084] FIG. 15B presents primary cortical neurons were
treated with trans-RSV (25 uM) alone or in combination
with ISRIB (10 nM) for 8 hr and changes 1n the levels of

TyrRS were detected by Western Blot analysis.

[0085] FIG. 15C presents primary cortical neurons treated
with ISRIB (100-500 nM) for 8 hr and changes 1n the levels
of TyrRS, and PheRSP were detected by Western Blot ana-
lysis using their respective antibodies.

[0086] FIG. 16A presents Immunostaining images (scale
bar, 10 um) for DNA damage marker, pSerl39-H2AX foci
(y-h2AX; DAPI - nuclear marker) in cortical neurons
(DIV9) after pretreatment with Tyr (500 uM) for 12 hr, fol-
lowed by the addition of ¢1s-RSV (50 uM) for another 4 hr.
[0087] FIG. 16B presents primary cortical neurons treated
with either Tyr (200 uM) alone or 1n combination with cis-
RSV (50 uM) for 8 hr, and the levels of OGGI were
detected by Western Blot analysis usmg ant1-OGGI
antibody.

[0088] FIG. 16C presents primary cortical neurons treated
with D-Tyr (2.5 and 5 mM) for 8 hr, and the levels of TyrRS,
and PheRSP were detected by Western Blot analysis using

their specific antibodies.
[0089] FIG. 16D presents rat cortical neurons (DIV9) trea-

ted with either D-Tyr or D-Phe or D-Trp (2 mM) for 48 hr,
and viability was assessed using MTT assay.

[0090] FIG. 17A presents rat cortical neurons (DIV 9)
were exposed to 5 uM etoposide (ETO) for 24 hr after pre-
treatment with c1s-RSVor trans-RSV (50 uM) for 16 hr. Cell
viability was assessed using MT'T assay.

[0091] FIG. 17B presents rat cortical neurons (DIV 9)
were exposed to 400 uM H,O, for 24 hr after pretreatment
with c1s-RSVor trans-RSV (50 uM) for 16 hr. Cell viabality
was assessed using MT'T assay.

[0092] FIG. 17C presents rat cortical neurons (DIV 9)
were exposed to 10 uM MPP+ for 24 hr after pretreatment
with c1s-RSVor trans-RSV (50 uM) for 16 hr. Cell viabality
was assessed using MT'T assay.

[0093] FIG. 17D presents immunoblots showing the levels
of cleaved caspase-3 1 rat cortical neurons (DIV 9/10) after
the treatment with cis- and trans-RSV (25 and 50 uM) for
24 hr.

[0094] FIG. 17E presents immunoblots showing the levels
of cleaved caspase-3 1 rat cortical neurons (DIV 9/10) after
the treatment with D-Tyr (2 mM) for 16 hr.

[0095] FIG. 17F presents rat cortical neurons (DIV 8) trea-
ted with trans-RSV alone or m combination with ISRIB
(10 nM) for 48 hr and viability was measured using MTT
assay.

[0096] FIG. 17G presents rat cortical neurons (DIV 8)
were treated with trans-RSV alone or in combination with
A484954 (100 nM) for 48 hr and viability was measured
using MTT assay.

[0097] FIG. 17H presents rat cortical neurons (DIV 8)
were treated with trans-RSV alone or in combination with
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DA (100 mM) for 72 hr and viability was measured using

MTT assay.
[0098] FIG. 171 presents quantification of immunoblot

images for AcK16-H4.
[0099] FIG. 17J) presents quantification of immunoblot

1mages for AcK56-H3.
[0100] FIG. 17K presents quantification of TyrRS proten

levels.

[0101] FIG. 18A presents representative immunoblots and
quantification of the mteraction of H3 with PARPI1. Cortical
neurons (DIV 9) were treated with cis- and trans-RSV (5-
50 uM) for 30 min and PARP1 was immunoprecipitated (IP)
usig antibody against PARPI1. The interaction of PARPI

with H3 was determined using anti-H3 antibody.
[0102] FIG. 18B presents representative mmmunoblots

using specific antibodies, and quantification from chromatin
traction of cortical neurons (DIV 9) depicting HPF1, OGGI,
and FEN1 after treatment with ci1s- and trans-RSV (50 uM)
for 1 hr.

[0103] FIG. 18C presents the quantification of neuronal
DNA fibers.

[0104] FIG. 19Apresents monosome formation by rapa-
mycin 1n rat cortical neurons.

[0105] FIG. 19B presents monosome formation by cis-
RSV 1n rat cortical neurons.

[0106] FIG. 19C presents c1s-RSV-mediated recruitment
of raptor to Rab7a-coated late endosomes.

[0107] FIG. 20A presents monosome formation by phy-
siological amyloid beta 42 (10 picomolar) 1n rat cortical
neurons which 1s lost in combimation with PARP1 mhibitor

talazoparib.
[0108] FIG. 20B presents western blots showing activa-

tion of histone serine-ADP-ribosylation by picomolar con-

centration of amyloid beta 40 and 42 peptides.
[0109] FIG. 20C presents western blots showing stimula-

tion of neuronal TyrRS protein levels by picomolar concen-
tration of amyloid beta 40 and 42 peptides 1n a proten
synthesis and transcription-dependent manner.

[0110] FIG. 20D presents western blots showing trapping
of auto-PARylated PARP1 along with Rad52, DNA poly-
merase beta, ligase III, TyrRS onto the chromatin by pico-

molar concentration of amyloid beta 42 peptide.
[0111] FIG. 20E presents western blots showing tyrosine-

mediated trapping of PARP1 through the imnhibition of auto-
PARylation potentially by depleting chromatin associated
1vrRS.

[0112] FIG. 21 presents quantification of DNA damage
usmg comet assay after treatment with L-tyrosine and L-
phenylalanine for 16 hr and/or amyloid beta peptides for

2 hr either alone or in combination.
[0113] FIG. 22 presents quantification of DNA repair by

measuring the amount of CldU mcorporated into neuronal
DNA after treatment with L-tyrosine and L-phenylalanine
tor 16 hr and/or amyloid beta peptides tor 4 hr either alone
Or 1 combination.

[0114] Repeat use of reference characters m the present
specification and figures 1s 1mntended to represent the same
or analogous features or elements of the present mvention.

DETAILED DESCRIPTION

[0115] It 1s to be understood by one of ordinary skill 1n the
art that the present discussion 1s a description of exemplary
embodiments only and 1s not mtended as limiting the
broader aspects of the present disclosure.
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[0116] In general, the present disclosure 1s directed to
compositions and methods for ‘trapping” PARPI to selec-
tively modulate serine-(poly/mono)-ADP-ribosylation-
dependent single strand DNA break repair (SSBR) and/or
double strand DNA break repair (DSBR) along with tran-
scription and protein synthesis by regulating the cellular
localization and de novo synthesis of TyrRS. In embodi-
ments, the present disclosure 1s directed to methods and
compositions for use 1in mhibiting, modulating and/or treat-
ing a disorder 1n a subject (e.g., human or non-human).
[0117] Composition disclosed herein can mclude a tyro-
sine denvative compound of Formula I:

(D)

or a pharmaceutically acceptable salt and their 1somers
thereof, wherein ring A substituted or unsubstituted carbo-
cyclyl, substituted or unsubstituted heterocyclyl, substituted
or unsubstituted aryl, substituted or unsubstituted hetero-
aryl; and R1 1s

O
R/LN/\X

‘%__.,.-N
, Or

[0118] In another embodiment, composition disclosed
herein can include a compound of Formula II:

5 (I

or a pharmaceutically acceptable salt and their 1somers
thereof, wherein R 1s as defined for Formula I.
[0119] In yet another embodiment, composition disclosed
herein can 1include a compound of Formula III:
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N (IIT)

AN
or a pharmaceutically acceptable salt and their 1somers
thereof, wherein R 1s as defined for Formula I.

[0120] In another embodiment, composition disclosed
herein can include a compound of Formula IV:

(IV)

or a pharmaceutically acceptable salt and their 1somers

thereot.
[0121] In various embodiments, X 18 an amino acid side

chain, —H, —CH;, —CH,SeH, —CH,CO,H, —CH,OH,
__CH(CH)OH, —CH,CH,CO,H, —CH,CH,CONH,,

+
v S\/CHE ;

—CH,CH,CH,—

—CH,(CH,),CH,— |

NH
)L '
CH,
N N7 N

H
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[0122] In yet another embodiment, composition disclosed
herein can include a compound of Formula (V):

(V)

or a pharmaceutically acceptable salt and their 1somers
thereof. “O1Pr” as used herein refers to an 1sopropoxide
group.

[0123] In yet another embodiment, composition disclosed
herein can include a compound of Formula (VI):

(VD)

or a pharmaceutically acceptable salt and their 1somers
thereof.

[0124] The term “amino acid” as used herein refers to
naturally occurring amino acids, non-naturally occurring
amino acids, and amino acid analogs. Naturally occurring
amino acids include, for instance, the 20 (L)-amino acids
commonly utilized during protein biosynthesis and 20 (D)-
amino acids not utilized for protein biosynthesis and seleno-
cysteme, and other plant-derived non-proteogenic amino
acids such as pyrrolysine. Non-naturally occurring amino
acids include, for instance, pomaglumetad (LY404039).
Amino acid analogs may include modified forms of natu-
rally or non-naturally occurring amino acids, for mstance,
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substitution or replacement of chemical groups and moieties
on the amino acid or by derivatization of the amino acid.
[0125] In one embodiment, the amino acid side chain may
be from an acidic amino acid. For example, the amino acid
residue has a negative charge due to loss of hydrogen 10n at
physiological pH. Amino acids having an acidic side chain
may 1nclude glutamic acid and aspartic acid.

[0126] The amino acid side chaimn may be from a basic
amino acid residue. For example, the residue may have a
positive charge due to association with hydrogen 1ons at
physiological pH or within one or two pH units thereof.
Amino acids having a basic side chain include argimine,
lysme, and histidine.

[0127] The amino acid side chain may be from a hydro-
phobic amino acid residue. For example, the residue 1s not
charged at physiological pH. Amino acids having a hydro-
phobic side chain mclude tyrosine, valine, 1soleucine, leu-
cine, methionine, phenylalanine, and tryptophan.

[0128] The amino acid side chain may be from a neutral/
polar amino acid residue. For instance, the residue 1s not
charged at physiological pH and the residue 1s not suffi-
ciently repelled by aqueous solution so that 1t would seek
inner positions in the conformation of a peptide or protein
in which 1t 1s contained when the peptide 1s 1 an aqueous
medium. Amimo acids having a neutral/polar side chain
include asparagine, glutamine, cysteine, histidine, serine,
and threonine.

[0129] ‘Tyrosyl-tRNA synthetase (TyrRS) belongs to a
family of aminoacyl-tRNA synthetases (aaRSs) that acti-
vates aromatic amino acids, such as tyrosine, for protemn
synthesis. As described above, tyrosine exists as enantio-
mers (L- and D-tyrosing), both of which are activated by
TyrRS. Only naturally occurring L-tyrosine 1s utilized for
protein synthesis. Similarly, only L-tyrosine, not D-tyrosine,
acts as a substrate for tyrosine hydroxylase (TH) that cata-
lyzes the rate-limiting step mn the synthesis of dopamine.
Increased tyrosine levels may modulate TyrRS. For
instance, mcreased tyrosmme levels decrease TyrRS and
cause neuronal oxidative DNA damage by the simultaneous
inhibition of both protein synthesis and DNA repair. Also,
tyrosine mhibits TyrRS-mediated activation of poly-ADP-
ribose polymerase (PARP1), a modulator of DNA repair.
[0130] Composition disclosed herein can also include one
or more tyrosine or resveratrol derivatives. Resveratrol has a
tyrosine-like phenolic ring that mimics tyrosine in binding
to the active site of TyrRS. Resveratrol (RSV) exists as a
mixture of two 1somers, c1S-RSV and trans-RSV. Interest-
ingly, recent studies demonstrated that the sulfate metabo-
lites of trans-RSV provide an intracellular pool to generate
c1s-RSV. Further, analysis of the x-ray crystal structures of
TyrRS with and without c1s-RSV showed that the binding of
c1s-RSV 1n the active site of TyrRS mimics its ‘tyrosine-
free’ conformation. Thus, binding of ¢1s-RSV may ¢nable
the moonlighting functions of TyrRS even 1n the presence
of tyrosme. For example, D-tyrosine and trans-RSV, upon
binding to TyrRS and mmmicking a ‘tyrosine-like’ confor-
mation, decrease TyrRS, mhibits DNA repair, and cause
neurotoxicity by mhibiting HPF1/PARP1-dependent ser-
ine-ADP-r1ibosylation. Conversely, ¢1s-RSV, upon binding
to TyrRS and mimicking a ‘tyrosine-free’ conformation,
increases TyrRS, facilitates DNA repair through serine-
ADP-nibosylation, and provides neuroprotection mn a
TyrRS-dependent manner. Thus, increased tyrosme and/or
phenylalanine levels may have causal effects 1n aging and
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age-associated diseases. Thus, derivatives of tyrosine/phe-
nylalanine and resveratrol that modulate serine-(poly/
mono)-ADP-ribosylation will have tremendous therapeutic

potential against aging and age-associated diseases.
[0131] Moonlighting functions of TyrRS are responsible

for activating the auto-poly-ADP-ribos(PAR)ylation of
poly-ADP-ribose polymerase 1 (PARPI1) and associated
stress signaling. Consistently, auto-PARylation of PARPI
1s circadian-regulated m a feeding-dependent manner 1n
which feeding that increases tyrosine levels inhibits auto-
PARylation. These observations suggest that the moonlight-
ing functions of TyrRS are normally activated when tyrosine
levels are decreased during the nadir/trough of circadian

rhythm.
[0132] Disclosed herein are methods of modulating levels

of tyrosine or TyrRS 1m a subject utilizing tyrosine or RSV
derivatives as described herein. The term “modulating”
refers to mcreasing, enhancing, stimulating, decreasing, or
reducing 1n a statistically or a physiologically significant
amount relative to a control. For instance, the level of a sub-
ject 18 1increased relative to a control amount by more than
about 10% or more, such as more than about 20% or more,
such as more than about 30% or more, such as more than
about 40% or more, such as more than about 50% or more,
or such as more than about 60% or more. Contrarily, the
level of a subject, for mstance, 1s decreased relative to a
control amount by more than about 10% or more, such as
more than about 20% or more, such as more than about 30%
or more, such as more than about 40% or more, such as more
than about 50% or more, or such as more than about 60% or
more. Modulatory methods disclosed heremn may mvolve
contacting a cell or tissue with a compound that inhibits or
reduce the expression and/or activity of tyrosine or TyrRS.
For example, D-tyrosine or c1s-RSV compounds may be
administered m vitro or ex vivo (e.g., by contacting the
cell with such compounds) or, alternatively, 1n vivo (e.g.,
administering the compound to a subject).

[0133] The present disclosure contemplates methods of
treating a disorder m a subject comprising administering a
compound disclosed heremn or a pharmaceutically accepta-
ble salt thereof. In one embodiment, the disorder 1s mediated
by tyrosine and/or TyrRS. For example, the disorder 1s a
neurocognitive disorder and/or sleep disorder such as
insomnia, hypersomnia, frontotemporal dementia, Alzhei-
mer’s disease, Parkinson’s disease, amyotrophic lateral
sclerosis, multiple sclerosis, Huntington’s disease, epilepsy
and se1zures, learning disabilities, neuromuscular disorders,
Cockayne syndrome, cerebral palsy, dystonia, spinocerebel-
lar ataxia with axonal neuropathy-1 (SCANI), Angelman
Syndrome, COVID-19-related neurocognitive problems,
chemotherapy-associated neurocognitive problems includ-
ing ‘chemo brain’, autism spectrum disorder (ASD), delir-
ium, mild-cognitive mmpairment, traumatic bram imjury,
phenylketonuria, or tyrosinemia. In another embodiment,
the disorder 1s a metabolic disorder such as heart failure,
cardiovascular disease, autoirmmune-related disorders, myo-
cardial 1schemma reperfusion injury, hypertension, stroke,
septic encephalopathy, diabetes, obesity, sepsis, Systemic
Lupus Erythematosus or inflammation. Similarly, 1in other
embodiment, the disorder 1s cancerous growth of tissues or
cells i different parts of the body, such as breast cancer,
ovarian cancer, colon cancer, pancreatic cancer, lung cancer,
prostate cancer, bramn tumor, leukema, bone cancer, and
cachexia.
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[0134] According to one embodiment, a composition dis-
closed herein and/or a pharmaceutically compatible carrier
can be delivered to the targeted cells or tissue via any phar-
maceutically acceptable delivery system. The term “admin-
1stering” 1s 1ntended to include modes and routes of admin-
1stration which allow a compound to perform 1its intended
function. In general, the compounds disclosed herein may
be administered to a subject according to known methods,
including 1njection (subcutancous, mtravenous, parenter-
ally, intraperitoneally, intrathecal, etc.), oral, inhalation,
and transdermal routes. The 1njection can be bolus mjections
or can be continuous 1nfusion. Depending on the route of
administration, the agent can be coated with or disposed n
a selected material to protect it from natural conditions
which may detrimentally affect its ability to perform 1ts
intended function. The compound may be administered
alone, or 1n conjunction with a pharmaceutically acceptable
carrier. The compound also may be administered as a pro-
drug, which 1s converted to 1ts active form m vivo.

[0135] Pharmaceutically acceptable carriers include, but
are not limted to, saline, butfered saline, glucose m saline,
ctc. Solid supports, liposomes, nanoparticles, microparti-
cles, nanospheres or microspheres may also be used as car-
riers for administration of a compound disclosed heremn. As
used herein, the term “pharmaceutically acceptable carrier”
1s mtended to mclude any and all solvents, solubilizers, fil-
lers, stabilizers, binders, absorbents, bases, butfering agents,
lubricants, controlled release vehicles, diluents, emulsifying
agents, humectants, dispersion media, coatings, antibacter-
1al or antifungal agents, 1sotonic and absorption delaying
agents, and the like, compatible with pharmaceutical admin-
1stration. The use of such media and agents for pharmaceu-
tically active substances 1s well-known 1n the art. Supple-
mentary agents can also be incorporated mto the
compositions.

[0136] The therapeutically etfective amount of the compo-
sition can vary based on factors such as the disorder stage,
age, sex, and weight of the mmdividual, and the ability of the
compound to elicit a desired response 1n the subject. Further,
compounds disclosed herein can be administered to a sub-
ject at one time or over a series of treatments and may be
administered to the subject at any time.

[0137] In one embodiment, a therapeutically effective
dosage of a compound can be administered at a concentra-
tion from about 1 micromolar (uM) to about 100 uM, such
as from about 2 uM to about 95 uM, such as from about
10 uM to about 85 uM, such as from about 20 uM to

about 75 uM, such as from about 35 uM to about 50 uM,

or any range therebetween. As expected, the dosage will be
dependent on the condition, size, and age of the subject.
[0138] Compounds disclosed herein may be administered,
as appropriate or indicated, in a single dose as a bolus or by
continuous nfusion, or as multiple doses by bolus or by
continuous infusion. Multiple doses may be administered,
tor example, multiple times per day, once daily, multiple
times per week, every 2, 3, 4, 5, 6 or 7 days, weekly, every
2, 3,4, 5 or 6 weeks, or monthly. However, other dosage
regimens may be useful. The progress of this therapy 1s
casily monitored by conventional techniques.

[0139] It can be advantageous to formulate oral or parent-
eral compositions 1 dosage umt form for ease of adminis-
tration and umiformity of dosage. Dosage unit form as used
herem 1ncludes physically discrete units suited as unitary
dosages for the subject to be treated; each unit may contain

.
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a predetermined quantity of active compound calculated to
produce the desired therapeutic effect 1n association with the
required pharmaceutical carrier. The specification for the
dosage unit forms of the application 18 dictated by and
directly dependent on the unique characteristics of the active
compound and the particular therapeutic effect to be
achieved, and the limitations inherent in the art of com-
pounding such an active compound for the treatment of
individuals.

[0140] Pharmaceutical compositions for parenteral, ntra-
dermal, or subcutancous 1njection can include pharmaceut-
cally acceptable sterile aqueous or nonaqueous solutions,
dispersions, suspensions or emulsions, as well as sterile
powders for reconstitution into sterile mjectable solutions
or dispersions just prior to use. Examples of suitable aqu-
cous and nonaqueous carriers, diluents, solvents or vehicles
include, but are not Iimited to, water, ethanol, polyols (e.g.,
glycerol, propylene glycol, polyethylene glycol and the
like), carboxymethylcellulose and suitable mixtures thereof,
vegetable oils (e.g., olive o1l), and 1njectable organic esters
such as ethyl oleate. A composition can contain minor
amounts of auxihiary substances such as wetting or emulsi-
fying agents, pH buffering agents and the like that can
enhance the effectiveness of the active mgredient. Proper
fluidity may be maintained, for example, by the use of coat-
ing materials such as lecithin, by the maintenance of the
required particle size m the case of dispersions, and by the
use of surfactants. A composition may also contain adju-
vants such as preservatives, wetting agents, emulsifying
agents, and dispersing agents. It may also be desirable to
include 1sotonic agents such as sugars, sodium chloride
and the like.

[0141] For mtravenous administration, suitable carriers
include, without limitation, physiological saline, bacterio-
static water, Cremophor EL™ (BASF™, Parsippany, N.J.)
or phosphate buffered saline (PBS). In all cases, an 1nject-
able composition should be sterile and should be fluad to the
extent that easy syringeability exists. It must be stable under
the conditions of manufacture and storage and must be pre-
served against the contaminating action of microorganisms
such as bacteria and fungi. Prevention of the action of
microorganisms may be ensured by the mclusion of various
antibacterial and antifungal agents such as paraben, chloro-
butanol, phenol, sorbic acid and the like. Prolonged absorp-
tion of the mnjectable compositions can be brought about by
including 1n the composition an agent that delays absorp-
tion, for example, aluminum monostearate or gelatin.
[0142] Oral compositions generally include an mert dilu-
ent or an edible carrier. They can be enclosed 1 gelatin cap-
sules or compressed 1nto tablets. For the purpose of oral
therapeutic administration, the active compound can be
incorporated with excipients and used 1n the form of tablets,
troches, or capsules. Oral compositions can also be prepared
using a fluid carrier for use as a mouthwash, wherein the
compound 1n the fluid carrier 1s applied orally and swished
and expectorated or swallowed.

[0143] Pharmaceutically compatible binding agents and/
or adjuvant matenials can be mcluded as part of an orally
ingestible composition. The tablets, pills, capsules, troches
and the like can contain any of the following ingredients or
compounds of a stmilar nature: a binder such as microcrys-
talline cellulose, gum tragacanth, or gelatin; an excipient
such as starch or lactose; a dismtegrating agent such as algi-
nic acid, Primogel®, or corn starch; a lubricant such as mag-
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nesium stearate or Stertes; a glidant such as colloidal silicon
dioxide; a sweetening agent such as sucrose or saccharin; or
a flavoring agent such as peppermint, methyl salicylate, or
orange flavoring.

[0144] When administered orally 1in liquad form, a liquad
carrier such as water, petroleum, oils of animal or plant ori-
o1n (¢.g., peanut o1l, mineral o1l, soybean o1l, or sesame o1l),
or synthetic o1ls may be added. A liquid form may further
contain physiological saline solution, dextrose or other sac-
charide solution, or glycols such as ethylene glycol, propy-
lene glycol, or polyethylene glycol. When administered n
liquad form, a composition can contain from about 0.5 to

90% by weight of a D-tyrosine or trans-RSV denivative.
[0145] For administration by inhalation, the D-tyrosine or

trans-RSV dervative can be delivered m the form of an
aerosol spray from pressured container or dispenser which
contains a suitable propellant, ¢.g., a gas such as carbon
dioxide, or a nebulizer.

[0146] Systemic administration can also be by transmuco-
sal or transdermal means. For transmucosal or transdermal
administration, penetrants appropriate to the barrier to be
permeated are used 1n the formulation. Such penetrants are
generally known 1n the art, and include, for example, for
transmucosal administration, detergents, bile salts, and fusi-
dic acid denivatives. Transmucosal administration can be
accomplished through the use of nasal sprays or supposi-
tortes. For transdermal administration, the pharmaceutical
compositions are formulated into omtments, salves, gels,
or creams as generally known 1 the art.

[0147] In certain embodiments, a pharmaceutical compo-
sitron can be formulated for sustained or controlled release
of the compound (e.g., D-tyrosime or trans-RSV derivative).
Biodegradable, biocompatible polymers, such as ethylene
vinyl acetate, polyanhydrides, polyglycolic acid, collagen,
polyorthoesters, and polylactic acid can be used. Methods
for preparation of such formulations will be apparent to
those skilled 1n the art. The materials can also be obtained
commercially. Liposomal suspensions (including liposomes
targeted to infected cells with monoclonal antibodies to viral
antigens) can also be used as pharmaceutically acceptable
carriers. These can be prepared according to methods

known to those skilled 1n the art.
[0148] It 1s to be understood that the 1n vivo methods have

application for both human and veterinary use. The methods
of the present mmvention contemplate single, as well as multi-
ple, admimustration, given either simultaneously or over an
extended period of time.

[0149] The present disclosure may be better understood
with reference to the following examples.

EXAMPLES

Materials and Methods
Cell Culture

[0150] Primary cortical neurons were dissected from E18
Sprague Dawley rat pups in Hibernate E (BramnBits®) and
dissociated using the Neural Tissue Dissociation kit (Milte-
ny1 Biotec). Minced cortices were incubated i a pre-
warmed enzyme mix at 37° C. for 15 min; tissues were
then triturated and stramed using a 40 um cell stramer.
After washing and centrifugation, neurons were seeded m
50 ug/ml poly-D-Lysine (Sigma-Aldrich) coated tissue cul-
ture plates. NBActive-1 medium (BrainBits®) supplemen-
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ted with 100 U/ml of Penicillin-Streptomycin (Lite Technol-
ogies™) 2 mM L-Glutamine (Lite Technologies™), and
1X N21 supplement (R&D Systems™) was used as culture
medium. For preparation of culture medium containing
reduced tyrosine, the components of NBActive-1 medium
were altered to combined with a reduced concentration of
tyrosine, as mentioned 1n Table 1, and was supplemented
with 100 U/ml of Penmicillin-Streptomycin (Life Technolo-
oles™) 2 mM L-Glutamine (Life Technologies™), and
1X N21 supplement (R&D Systems™) to obtamed culture
medium with reduced tyrosimme. Control (non-targeting),
TyrRS, and PARP1 siRNAs were obtained from Invitro-
gen™ (# AMA46335, s443, and s130207, respectively). Rat
cortical neurons at 5 DIV were transtected with 75 nM con-
trol or TyrRS siRNA using DharmaFECT™ 3 Transfection
Reagent. A second transfection was done two days later
using 75 nM of TyrRS siRNA, followed by cell collection
or assays after another 48 hr. For PARP1 siRNA, neurons at
7 DIV were transtected with 75 nM s1iRNA for both control
and PARP1 siRNA.

TABLE 1

Composition for low-tyrosine medium
Component Conc. (mM)
Glycine 0.4
L-Alanine 0.022
L-Arginine hydrochloride 0.398
L-Asparagine-H,O 0.005
L-Cysteine 0.26
L-Histidine hydrochlonde-H,O 0.2
L-Isoleucine 0.801
L-Leucine 0.8301
L-Lysine hydrochlonde 0.797
L-Methionine 0.201
L-Phenylalanine 04
L-Proline 0.067
L-Serine 0.4
L-Threonine 0.798
L-Tryptophan 0.078
L-Tyrosine 0.2
L-Valine 0.803
Calcium Chlonide (CaCl,) (anhydrous) 1.8
Magnesium Chloride (anhydrous) 0.813
Potassium Chlonde (KCl) 5.33
Sodium Bicarbonate (NaHCO,) 26.19
Sodium Chlornide (NaCl}) 68.96
Sodium Phosphate monobasic (NaH,PO,-H,0) 0.905
Zinc sulfate (ZnSO,4-7"H,0) 0.0006
D-Glucose (Dextrose) 25
HEPES 10.92
Sodium Pyruvate 0.227
Western Blotting

[0151] Cultured neurons (DIV 9-10) were washed once
with cold 1x PBS and lysed mn cell lysis buffer (20 mM
Tris-HC1 (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA,
1 mM EGTA, 1% Triton™, 2.5 mM sodium pyrophosphate,
1 mM beta-glycerophosphate, 1 mM Nas;VO,, 1 ug/ml leu-
peptin supplemented with protease mhibitor). The lysates
were centrifuged at 10,000 RPM for 15 mins at 4° C. to
separate the chromatin-bound and soluble fractions. Lysates
were quantified using Bio-Rad™ Protemn Assay and equal
amounts of protem were loaded onto a 4 to 12% gradient
ogel (Invitrogen™ NuPAGE™). Protein was transferred
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from the gel to 0.2 um NC membranes at 25 V for 10 mins
using transter stacks (1Blot™ 2- Invitrogen™) and blocked
with 5% non-fat milk im TBST (10 mM Tris-HCI pH 8.0,
150 mM NaCl, 0.01 % Tween-20) for 1 hr before applica-
tion of primary antibodies. Primary and secondary antibo-
dies were incubated overnight at 4° C. and for 1 hr at room
temperature, respectively. Immobilon® ECL Ultra Western
HRP Substrate (WBULSO0500, Millipore™) and a lumines-
cent 1mage analyzer (ChemiDoc™ Imaging System, Bio-
Rad™) were used to detect protemns. Quantification of wes-
tern blots was done using ImagelJ (Version 1.53¢).

TABLE 2
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tion of thymidine analog, 50 uM CldU (5-Chloro-2'-deox-
yuridine) for 30 min. Briefly, cells were 1solated by trypsi-
nization, embedded 1n agarose plugs, and subjected to
protemase K (0.5% SDS, 0.1 M EDTA, 1 mg/ml Proteinase
K) digestion at 50° C. for 16 hr. Plugs were dissolved with
agarose (Fisher [NEB], 50-811-726) for 16 hr. Molecular
combing was performed using the FiberComb® Molecular
Combing System (Genomic Vision) with a constant stretch-
ing factor of 2 kb/um using vinylsilane coverslips (20 X
20 mm; Genomic Vision). Combed coverslips were 1ncu-
bated at 60° C. for 2 hr m a pre-warmed hybridization

Listing of Antibodies used for Western Blotting

Antibody Company

Acetyl-Histone H3 (Lys56)
Acetyl-Histone H3 (Lys9)

Cell Signaling Technology™
Cell Signaling Technology™

ARH3 Proteintech®

cEF2 Cell Signaling Technology™
elF2a Cell Signaling Technology™
Fenl Proteintech®

GAPDH Cell Signaling Technology™
H3 Proteintech®
H3-S10-ADP-Ribose Bio-RAD™

H4 Proteintech®

HPF1 Novus Biologicals™

0GGl Proteintech®

PARPI Proteintech®

PARP?2 Abcam

PheRSa Proteintech®

PheRS[ Proteintech®

Phospho-eEF2 (Thr56)
Phospho-elF2a (Ser31)

Cell Signaling Technology™
Cell Signaling Technology™

Poly (ADP-Ribose)} Polymer Abcam

PP2A C Cell Signaling Technology™
Puromycin Millipore™

TyrRS Abcam

B-Tubulin Cell Signaling Technology™
Comet Assay

[0152] Cultured cortical neurons (DIV9) were treated with
c1s- or trans-RSV (50 uM), mm combination with tyrosine
(1 mM) for 1 hr. The cells were harvested with a cell scraper
usmg chilled PBS and counted. The comet assay (Trevi-
oen®, Gaithersburg, MD) was performed according to stan-
dard methods using alkaline conditions. Electrophoresis was
carried out at the rate of 1.0 V/em for 20 mun. The slides
were removed from the electrophoresis chamber, washed
twice 1 deionized water for 5 min and immersed m 70%
cthanol for 5 min. Subsequently, the slides were dried at
37° C. for 30 min, DNA was stained with 50 uL of
SYBR™ Gold dye (Fisher Scientific, 1:10000 m Tris-
EDTA buffer, pH 7.5) for 20 min 1n the dark at room tem-
perature and then analyzed using an epifluorescent micro-
scope at 10X magnification. The mmages were scored for
comet parameters, such as tail length and tail moment (pro-
duct of % of DNA 1n the tail and tail length), using the Tri-
Tek CometScore™ Freeware v1.5 1mage analysis software.

DNA Fiber Analysis

[0153] Cultured cortical neurons (DIV9) were treated with
c1s- and trans-RSV (50 uM) for 8 hr, followed by the addi-

Catalog No. Dilution
4243 1:1000 (WB)
9649 1:1000 (WB)

16504-1-AP 1:1000 (WB)
2332 1:1000 (WB)
5324 1:1000 (WB)

14768-1-AP 1:1000 (WB)
2118 1:2000 (WB)
17168-1-AP 1:1000 (WB)
HCA357 1:1000 (WB)
16047-1-AP 1:1000 (WB)

NBP1-93973 1:1000 (WB)

15125-1-AP 1:1000 (WB)

66520-1-1g 1:1000 (WB)
abl177529 1:500 (WB)
18121-1-AP 1:1000 (WB)
16341-1-AP 1:1000 (WB)
2331 1:1000 (WB)
3398 1:1000 (WB)
ab14459 1:1000 (WB)
2038 1:1000 (WB)
MABE343 1:1000 (WB)
ab50961 1:1000 (WB)
2128 1:2000 (WB)

oven to minimize photobreaking, followed by denaturation
of the DNA fibers (0.5 M NaOH + 1 M NaC(l) for 8 min. The
coverslips were then washed with PBS, followed by serial
cthanol dehydration (70%-100%). Following two 1x PBS
washes, the coverslips were blocked mn 3% BSA/1x PBS
for 30 min followed by mcubation with a-BrdU (for CldU)
(BD [347,580]) (1:100) and ssDNA antibody (Millipore™
MAB3034) (1:100), for 2 hr at 37° C. After three PBST
washes, secondary antibody mcubation was done using a-
mouse Alexa Fluor® 594 and o-rat Alexa Fluor® 488
(1:500) for 1 hr at 37° C. Coverslips were washed three
times with 1x PBST, dehydrated and mounted on slides
with mounting media. The stained DNA fibers were visua-
lized usmg a tluorescence microscope (EVOS FL, Thermo
Fisher™ Scientific). Analysis was performed 1n Imagel by
counting the total ssSDNA and the CldU labeled fibers. For
cach treatment condition, 300 fibers were counted, and the
average ratio of CldU incorporation for ssDNA fibers per
condition was used for final representation.

Immunotluorescence (IF)

[0154] Cultured cortical neurons (DIV 9-10) were fixed in
4% formaldehyde for 15 min, followed by permeabilization
and blocking for 30 min m 5% BSA (PBS) and 0.1%
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Tween™ 20 at room temperature. Incubation with primary
antibodies was done at 4° C. overnight. The names and dilu-
tions of the primary antibodies used for IF are described 1n
Table 3. Secondary antibodies were imncubated for 1 hr at

room temperature. Secondary antibodies used were Alexa

Fluor® 647 (anti-chicken), Alexa Fluor® 355 (anti-
mouse), Alexa Fluor® 488 (anti-rabbit) from Invitrogen™
at 1:1000 dilution. Coverslips were then mounted using
DAPI (4',6-diamidino-2-phenylindole)-supplemented
mounting medium, ProLong™ Gold Antifade (Invitro-
gen™) and mmaged with Leica DMI6000 epifluorescent
microscope usmng o1l mmmersion 63x/NA 1.4 objective.
The quantification for total proten levels i neurons was
done using Imagel (version 1.53¢), and 1maging parameters
were matched for exposure, gain, and offset.

TABLE 3
List of antibodies used for IF

Catalog
Antibody Company No. Dilution
MAP2 Abcam Ab5392 1:500
phospho-histone H2AX Cell Signaling 0178 1:400
(Ser139) Technology™
TyrRS Novus Biologicals™ NBPI1- 1:200

32551
8-hydroxy-2'- Abcam ab43508 1:200
deoxyguanosine

Drug [reatments

[0155] All drugs/inhibitors stock solutions (1000x) were
prepared 1n DMSO or ethanol and diluted m culture media
for final concentration. c1s-RSV was purchased from Cay-
man Chemicals (Item No. 10004235, > 98% purity) and
trans-RSV was purchased trom Millipore-Sigma (Catalog
No. 34092, = 99% purity) and the stocks were prepared n
ethanol. The various compounds used for treatments and
their stock concentrations in Table 4.
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using the standard immunofluorescence procedure with
MAP2 (Alexa Fluor® 647) for neurites and DAPI staming
for the nucleus. Neurite degeneration was quantified using
5-6 regions of mterest of equal sizes from each treatment
condition. The analysis of neurite degeneration was done
using ImagelJ. The fluorescent 1mmages for MAP2 staining
were binarized, so that pixel intensity of regions correspond-
ing to neurite staining was converted to black, and all other
regions were converted to white. Healthy intact neurites
show a continuous tract, whereas degenerated axons have
a particulate structure due to fragmentation or beading. To
detect degenerated neurites, the particle analyzer module of
Imagel] was used. The percentage of the area of the small
fragments or particles (size = 3 - 10 um?) to the intact neur-
ites (s1ze > 25 um?) with mnformation derived from the bin-
ary images was calculated. A degeneration index (DI) was
calculated as the fragmented neunite area ratio over the
Intact neurite area.

Cell Viability Assays

[0157] Rat cortical neurons (DIV9-11) were exposed to
difterent treatments (NMDA, ETO, H,O,, MPP+) after
seeding 20,000 cells/well 1n 96-well plates. Cell viability
was then assessed at 48 hr after the mnitial exposure to
NMDA. 3-[4,5-dimethylthiazole-2-yl1]-2,5-diphenylte-
trazolium bromide (MTT) assays were used to assess

change 1n cell viability. Rat cortical neurons (DIV9)
were exposed to 5 uM etoposide (ETO, 28435 Chem-

Impex), 400 uM H,O, (HI009, Sigma-Aldrich) or
10 uM MPP+ (D048, Sigma-Aldrich) for 24 hr after pre-
treatment with c1s-RSV or trans-RSV (50 uM) for 16 hr.
Cultured rat cortical neurons were incubated with MTT
(0.5 mg/mL). In the MTT assay, after 2 hr incubation, the
insoluble purple product formazan resulting from the
reduction of MTT by NAD(P)H-dependent oxidoreduc-
tases present 1n cells with viable mitochondria was solu-
bilized 1n dimethyl sulfoxide at room temperature, under

TABLE 4
Compound Catalog Stock Conc. Final Conc. Solvent
Rapamycin 53123, Alfa Aesar™ 100 uM 5-50 nM DMSO
[SRIB 5284, Tocns 250 uM 5-500 nM DMSO
NMDA 0114, Tocris 50 mM 50 uM PBS
MPP™ Iodide D048, Sigma-Aldrich 1060 mM 50 uM DMSO
A484594 324516, Millipore™ 100 uM 160 nM DMSO
Nelfinavir esylate hydrate N0986, TCl 160 uM 20-40 pM PBS
L-Tyr 194759, MP Biomedicals™ 1060 mM 0.1-0.5 mM PBS
Dopamine HCI H60255, Sigma-Aldrich 100 mM 0.1-0.5 mM PBS
L-DOPA All1311, Alfa Aesar™ 1060 mM 0.1-0.5 mM PBS
L-Phe A13238, Alfa Aesar™ 1060 mM 0.1-0.5 mM PBS
D-Tyr 143865, BTC 1060 mM 0.5-2 mM PBS
D-Trp 215145, BTC 1060 mM 0.1-1 mM PBS
D-Phe 225200, BTC 100 mM 0.5-2 mM PBS
6-OHDA (hydrobromide) 25330, Cayman Chemical™ 100 mM 0.1 -03mM PBS
BDNF B3795-5UG, Sigma-Aldrnich 100 png/ml 100 ng/ml PBS

Neurite Degeneration Index

[0156] The neurite degeneration mndex was calculated.
Samples were 1maged using ImageXpress® Micro 4 at a
magnification of 10x to capture the entire field of interest.
The samples analyzed for neurite degeneration were stained

agitation, and protected from light. The percentage of
MTT reduced as measured by the difference between
the absorbances at 570 nm read 1n a spectrophotometer
(SpectraMax® 190R Molecular Devices, UK). Results
arc presented as a percentage of control (wells incubated
with the vehicle).
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Results

TyrRS Is Decreased i the Hippocampal Tissue Samples of
Human AD Patients

[0158] AD decreases bram protein synthesis at the elonga-
tion step in humans through an unknown mechanism.
Recently published human bramn proteome showed
decreased TyrRS and phenylalanyl-tRNA synthetase beta
(PheRSP) levels in AD-affected brain regions. Re-analysis
of a second brain proteome showed that the protein levels of
TyrRS and PheRSp correlate with cognitive performance 1n
humans. Conversely, their decrease correlates with AD sta-
tus and Braak stages. Intriguingly, meta-analysis of human
brain transcriptomic data from AD patients did not show
any changes 1 the mRNA levels of TyrRS and PheRSp.
While translation of PheRSP declines i an age-dependent
manner, TyrRS levels did not correlate with any known bio-
markers of AD or other neurodegenerative diseases indicat-
ing that TyrRS protein level might be modulated by hitherto
unknown factors.

Tyrosine Is Increased During Aging and i Neurocognitive
and Metabolic Disorders

[0159] Aging 1s the highest risk factor for neurodegenera-
tive diseases and intriguingly, the incidence of AD and other
dementias 1s higher mm women than 1n men. Tyrosine levels
increase during aging and also consistently increase m AD
brain tissues. Interestingly, young women have lower serum
tyrosine levels than young men. However, menopause
increases tyrosine levels, resulting mn a significant icrease
in tyrosine levels in older women (FIG. 7). Beyond neuro-
degenerative diseases, aging in humans 1s associated with
increased incidences of other disecases as well. Literature
analysis has continuously showed that tyrosine and/or phe-
nylalanine are increased during delirtum, heart failure (HF),
Parkinson’s Disease (PD), autism spectrum disorders
(ASD), CVD, and other metabolic disorders 1in humans.
Interestingly, increased levels of tyrosine and/or phenylala-
nine 1mnhibit protemn synthesis and mduce DNA damage and
promote oxidative stress 1n the brain 1 vivo 1n rats. Because
AD decreases TyrRS levels and bram protein synthesis, 1t
was hypothesized that increased tyrosine levels may nega-

tively regulate TyrRS levels and cause neuronal oxidative
DNA damage.

Tyrosine Facilitates the Degradation of Neuronal TyrRS by
Both Proteosome and Lysosome

[0160] To determine whether treatment with tyrosine
modulates TyrRS levels, we treated cortical neurons
(DIV8/9) with increasing concentrations of tyrosine. Con-
sistent with our hypothesis, tyrosine decreased TyrRS 1n
rat cortical neurons (DIV 9/10) (FIG. 1A) with preferential
cifects 1n the nucleus and the neurites (FIG. 1A). Conver-
sely, reducing tyrosmne levels 1n the culture medium
increased TyrRS levels 1n the nucleus and neurites (FIG.
1B). Although tyrosine depleted PheRSP, 1t did not affect
the levels of PheRSP (FIG. 1E). Stmilarly, phenylalanine,
3,4-dihydroxy-L-phenylalanine (L-DOPA), and 6-hydroxy-
dopamine (6-OHDA) also decreased the levels of TyrRS
and PheRSP, suggesting that derivatives of the tyrosine
metabolism also negatively regulate TyrRS. Albeit an essen-
tial protemn, 1t has been observed previously that ~75%
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knockdown of TyrRS using siRNA (siRNATyrRS) does
not affect cell viability. However, siIRNATyrRS 1n cortical
neurons (~50% knockdown) resulted in robust neurite
degeneration (FIG. 1E) mdicating a critical role of TyrRS
1n maintaining neurite stability. Recently published mass
spectrometry data showed that TyrRS 1s heavily ubiquiti-
nated 1n the cell under stress conditions. Moreover, deubi-
quitination of TyrRS (along with other aaRSs) facilitates the
recovery of translation during the recovery phase. To deter-
mine 1t tyrosine exploits the proteasomal or lysosomal path-
way (autophagy) for TyrRS degradation along with 1ts abil-
ity to mnhibit protein synthesis, additional experiments were
performed using mhibitors of autophagy (bafilomyci), pro-
teasome (MG132), and protein synthesis (cycloheximide,
CHX). Treatment with both bafilomycin and MGI132
increased the levels of TyrRS, suggesting that both the pro-
tecasome and lysosome are mvolved i the constitutive
degradation of TyrRS (FIG. 8E and FIG. 8F). However,
cycloheximide decreased TyrRS levels (FIG. 8H), suggest-
ing that sustained de novo synthesis 1s required to maintain
the homeostatic levels of TyrRS under normal conditions,
whereas deubiquitination may stabilize TyrRS under stress
conditions to facilitate the recovery of translation.

Dopamime Mimics BDNF m Stimulating the De Novo
Synthesis of Neuronal TyrRS Protemn

[0161] Protein synthesis 1s mainly regulated at the mitia-
tion and elongation steps. Ser51 phosphorylation of eukar-
yotic mitiation factor 2 alpha (p-eIF2a) by multiple kinases
and Thr56 phosphorylation of eukaryotic elongation factor 2
(p-¢EF2) by ¢eEF2 kinase (¢EF2K) inhibiat protein synthesis
at the imitiation and elongation steps, respectively. The pro-
tein kinase mammalian target of rapamycin (mTOR) 1nhi-
bits ¢EF2K to activate protem synthesis (FIG. 9A).
Although 1t 1s counterintuitive that elevated levels of tyro-
sine are 1nhibitory for TyrRS and protemn synthesis i a p-
clF2aindependent manner, for which 1t 1s required, 1t was
also noted that tyrosimne co-instantaneously activates the
assembly of eukaryotic mmtiation factor 4 F (elF4F) and
phosphorylation of ribosomal protein S6 kinase beta-1
(S6K1). More importantly, despite a significant decrease n
the neurite levels of TyrRS, surprisingly, tyrosine did not
induce neurite degeneration (FIG. 1A) and TyrRS levels
were restored m 16-24 hr (FIG. 2A). These observations
suggest that the effect of tyrosine on TyrRS levels 1s rever-
sible and neurotrophic factors that activate protein synthesis
may stimulate the de novo synthesis of TyrRS. The neuro-
transmitter dopamine (DA), which 1s decreased during
agimg, and 1 the affected brain regions of AD patients, 18
generated from tyrosine (L-Tyr — L-DOPA — DA). Inter-
estingly, DA 1s known to activate eEF245, potentially by
activating mTOR, resulting 1n the stimulation of neuronal
protem synthesis and memory formation. Because BDNF,
which 1s also depleted 1n AD brains, activates eEF2 and sti-
mulates the de novo synthesis of neuronal TyrRS13 (FIG.
9B and FIG. 9C), we pondered 1f DA would also increase
neuronal TyrRS levels. Consistent with our hypothesis,
treatment with DA imcreased the protem levels of TyrRS
(FIG. 2B), and the effects of DA were abrogated by rapamy-
cin (Rapa) (FIG. 2C). Although tyrosine does not affect
ellF2a function, 1t was observed that treatment with tyrosine

inhibited eEF2 (FIG. 2D). These data suggest that beyond
facilitating the degradation of TyrRS, tyrosine also mhibits
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the de novo synthesis of TyrRS, potentially at the elongation

step through increased phosphorylation of eEF2, whereas
BDNF and DA stimulate TyrRS synthesis (FIG. 2E).

C1s-RSV and Trans-RSV Have Opposite Ettects on TyrRS
Levels mm Neurons

[0162] Natural RSV exists as a muxture of c1s-RSV and
trans-RSV and both are stable for at least six weeks at
4° C., and m the cell for 24 hr. However, the sulfate meta-
bolites of trans-RSV mainly generate c1s-RSV, suggesting
that trans-RSV can be metabolically converted to c1s-RSV
in the cell. Chinical studies usmg 1,000 mg/dose trans-RSV
(>99% pure) reported a peak trans-RSV plasma concentra-
tion of 137 uM and 50-640 uM trans-RSV accumulation 1n
human tissues. Clinical studies using low-dose trans-RSV
(50-75 mg/dose, e.g., 6-9 uM plasma concentration of
trans-RSV/dose) reported CR-like benefits i postmenopau-
sal women and 1n patients with heart failure. In contrast,
climcal studies with 1,000 mg/dose trans-RSV resulted n
brain volume loss m AD patients and increased CVD risk
in older adults. However, 1t 1s noted that higher tyrosine
level 1s a common biomarker for all the diseases/conditions
mentioned above. Because the brain TyrRS levels correlate
with cognitive performance m humans, 1t was hypothesized
that ¢1s-RSV and trans-RSV would exert differential effects
on neuronal TyrRS levels and protein synthesis. Consistent
with the results 1n clinical trials, a low dose of trans-RSV
(10 uM) increased TyrRS and the high dose (50 uM)
decreased 1t, whereas c¢i1s-RSV (10-50 uM) mcreased
TyrRS protein levels both 1n the nucleus and neurites (FIG.
3A), mimicking the effects of reduced levels of tyrosine that
increase TyrRS in the nucleus and neurites (FIG. 1B). cis-
RSV rescued the effects of trans-RSV and tyrosine-mediated
decrease 1 TyrRS levels m a dose-dependent manner (FIG.
3C). High concentration trans-RSV decreased PheRSp, not
PheRSa levels while low concentration ¢1s-RSV increased
their levels (FIG. 3E). Further, c1s-RSV-mediated increase
1n TyrRS level was abrogated by CHX (FIG. 3F), suggesting
that ¢1s-RSV icreases TyrRS 1n a proteimn synthesm-depen—
dent manner. While c1s-RSV triggered a transient increase n
the levels of p-elF2a (FIG. 10A and FIG. 10B), trans-RSV
sustained the mhibition of elF2a (FIG. 10A and FIG. 10B)
and 1ncreased p-¢EF2 levels (FIG. 3G). However, 1 con-
trast, c1s-RSV activated the dephosphorylation of ¢EF2
(F1G. 3G). Finally, consistent with the dramatic depletion
of TyrRS and increased levels of p-eIF2a and p-eEF2, treat-
ment with trans-RSV 1nhibited global protemn synthesis as
measured by the puromycin icorporation assay (FIG. 3H).
Because CR decreases serum tyrosine levels and decreased
tyrosine levels increase TyrRS, taken together, these data
indicate that ¢1s-RSV may act as a potential CR mimetic
by mcreasing TyrRS levels. Because ¢EF2 regulates the
elongation phase of protein synthesis and e¢EF2K 1s the
only known kinase that inhibits eEF2 (FIG. 9A), the present
inventors wondered 1f direct pharmacological activation of
¢EF2K using nelfinavir would deplete TyrRS. Interestingly,
nelfinavir depleted neuronal TyrRS, which was rescued by
c1s-RSV (FIG. 11A; FIG. 11B), suggesting that protemn
synthesis 1s required to maintain TyrRS levels under normal
conditions. To determine the mechanism of ¢1s-RSV-
mediated activation of eEF2 through dephosphorylation, 1t
was tested whether ci1s- and trans-RSV modulate the mnter-
action of TyrRS with eEF2 and protein phosphatase 2

Sep. 14, 2023

(PP2A) (FIG. 9A). It was observed that ¢c1s-RSV facilitated
the interaction of eEF2 with TyrRS and PP2A, whereas
trans-RSV and tyrosine decreased their interactions (FIG.
31). These data suggest that c1s-RSV and tyrosine modulate
TyrRS levels at the elongation step and ¢15-RSV mumics DA
and BDNF 1n activating the de novo synthesis of TyrRS.
Furthermore, similar to 6-OHDA (FIG. 8C), other neuro-
toxic agents such as the N-Methyl-D-aspartate (NMDA)
and the mitochondrial toxin 1-methyl-4-phenylpyridinium
(MPP+) also decreased the levels of neuronal TyrRS after
4 hr of treatment; c1s-RSV suppressed this effect, whereas
trans-RSV exacerbated it, suggesting that neuronal TyrRS 1s
a potential target of multiple neurotoxic agents.

Pharmacological Activation of Protein Synthesis Increases
TyrRS Levels in Neurons

[0163] Regulation of elF2a modulates motor and cogni-
tive function, and neuronal survival. Pharmacological acti-
vation of protein synthesis using mtegrated stress response
inhibitor (ISRIB) protects against age-related memory defi-
cits. Treatment with ISRIB (5-50 nM) consistently increased
the protemn levels of TyrRS and PheRSP (FIG. 11A) and
rescued trans-RSV mediated depletion of TyrRS (FIG.
11B). Interestingly, ISRIB stimulated the dephosphorylation
of ¢EF2, potentially mediated through TyrRS. However,
higher doses of ISRIB (250-500 nM) decreased TyrRS
levels. Interestingly, TyrRS (but not PheRSp) 1s among the
activating transcription factor 4 (ATF4) target genes that are
specifically upregulated n integrated stress response (ISR).
Because there 18 no indication that the regulation of gene
expression 1n ISR 1s different i neurons and ISRIB mbhaibits
ATF4 target gene expression, 1t 1s highly likely that the con-
centration dependent decrease i TyrRS level 1s due to the
repression of TyrRS upon higher doses of ISRIB. Because
tyrosime decreased neurite TyrRS levels and sleep stimu-
lated synaptic protein synthesis, we wondered 1f the synaptic
TyrRS 1s circadian regulated. Re-analysis of the mouse cir-
cadian proteomic and metabolomic data showed that synap-
tic protein level of only TyrRS (among all the aaRSs) 1s
circadian-regulated and 1s inversely correlated with tyrosine
levels. Further, re-analysis of the human metabolome
showed that sleep deprivation increases serum tyrosine
levels. Collectively, these data suggest that tyrosine 1s a

potential endogenous modulator of the synaptic and nuclear
1yrRS.

Tyrosine Induces Oxidative DNA Damage 1n Neurons and
Ci1s-RSV Protects Against It

[0164] Human aging and neurodegencrative diseases
accumulate oxidative DNA damage-associated mutations
in neurons whereas CR protects agaimst oxidative stress.
While sleep deprivation causes oxidative DNA damage,
sleep stimulates neuronal DNA repair through unknown
mechanisms. Because TyrRS shows moonlighting functions
in DNA repair signaling, 1t was hypothesized that decreased
tyrosine levels at night may switch the function of a fraction
of TyrRS from protein synthesis to DNA repair, and conver-
sely, aging and neurodegenerative diseases that increase tyr-
osine levels may mhibit TyrRS-mediated DNA repair. Con-
sistent with our hypothesis, treatment with tyrosine resulted
in the accumulation of y-H2AX foci (a marker of DNA
damage) and 8-0xo0-2'-deoxyguanosine (8-0xo-dG, a marker
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of oxidative DNA damage). These observations indicate
that compounds that mimic ‘tyrosme-like’ conformation n
TyrRS may induce oxadative DNA damage. Conversely,
compounds that mmmic a ‘tyrosine-free’ conformation in
TyrRS may shift its function to facilitate neuronal DNA
repair. To test this possibility, we treated neuronal cultures
with ¢1s-RSV, which evokes a ‘tyrosie-free’ conformation,
and trans-RSV, which mmmics a ‘tyrosine-like’ conforma-
tion 1n TyrRS28. While c1s-RSV rescued tyrosine-induced
accumulation of v-H2AX and 8-0x0-dG, trans-RSV itselt
caused the accumulation of y-H2AX and 8-oxo-dG. Inter-
estingly, ¢1s-RSV reduced y-H2AX levels 1n neuronal cul-
tures even after 12 hr of tyrosine pretreatment had already
caused substantial amount of DNA damage suggesting that
beyond prevention, ¢1s-RSV may reverse existing neuronal
DNA damage as well. Further, tyrosine decreased 8-0xo-
ouanine-DNA glycosylase (OGGI) levels, which was res-
cued by c1s-RSV. 8-0x0-dG 1s highly mutagenic, driving a
G=C — T=A transversion. Consistently, mutagenic fre-
quency increases during aging and y-H2AX and 8-0x0-dG
are accumulated 1n aged and AD neurons. Further, D-Tyr,
which does not get converted to DA but 1s activated by
TyrRS2, mmduced neurotoxicity, whereas D-Phe and D-Tip
had no significant effects. ¢1s-RSV protected against D-Tyr
mediated neurotoxicity but not trans-RSV (FIG. 4E). To
oain direct evidence for DNA damage, we also conducted
the comet assay. Cortical neurons were treated with trans-
RSV and L-tyrosine either alone or m combination and
tound that both trans-RSV, L-tyrosine, and their combina-
tion significantly imncreased DNA damage as measured by
the increase m percentage (%) of DNA 1n the comet tail.
In contrast, c1s-RSV treatment did not cause an increase n
percentage of DNA 1n the comet tail and attenuated the
increase 1n DNA damage caused by Tyr (FIG. 4F). Since
CR activates BER, this data indicates that cis-RSV may
act as a CR mimetic by activating BER.

Histone Serme-ADP-ribosylation Is Decreased m AD
Brains and BDNF and Dopamine Increase Its Levels.

[0165] Histone poly-ADP-tibosylation factor (HPFI1)-
dependent serine-ADP-ribosylation 1s essential for PARPI1-
dependent DNA repair and histone H3 1s one of the best
characterized targets of HPF1/PARPIl-mediated serine-
ADP-nbosylation. Because AD brains show accumulation
of neuronal DNA damage, the levels of HPF1's and histone
serine-ADP-ribosylation’s ability to affect AD brams was
investigated. Our analysis showed reduced HPF1 levels, as
well as decreased histone H3 serine-ADP-ribosylation, m
the hippocampal tissues of AD patients. Because tyrosine
inhibits protein synthesis, 1t was determmned whether treat-
ment with tyrosme and trans-RSV would modulate HPF1 at
the translational level. Similarly, we wondered 1f treatment
with DA, BDNF or ISRIB would affect the protemn levels of
HPF1. It was observed that while treatment with ¢1s-RSV
stimulated serine-ADP-ribosylation, treatment with tyrosine
and trans-RSV decreased HPF 1 levels 1n addition to inhibat-
ing histone H3 serine-ADP-ribosylation. Furthermore, treat-
ment with either BDNF or ISRIB increased HPF1 levels
along with the induction of histone H3 serine-ADP-r1bosy-
lation. Stmilarly, DA also stimulated histone H3 serine-
ADP-nibosylation. Taken together, beyond DNA reparr,
these data indicate a potential role of serine-ADP-ribosyla-
tion 1n cognition and memory and provide a potential mole-
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cular basis for the reduced HPF1 levels and serine-ADP-
ribosylation 1n the hippocampal tissues of AD patients.

Ci1s-RSV Is Neuroprotective and Trans-RSV Is Neurotoxic

[0166] After showing that cis- and trans-RSV have oppo-
site  effects on neuronal oxidative DNA damage, we
hypothesized that they would exert ditferential effects on
neuronal survival-under-stress conditions. The effects of
c1s- and trans-RSV were analyzed on the survival of rat pri-
mary cortical neurons exposed to different stress agents to
test this hypothesis. The effect of trans-RSV on NMDA
mediated neurotoxicity showed a concentration-dependent
dual response, where low concentrations of trans-RSV
(< 10 mM) evoked protective effects, but the higher concen-
trations (= 25 mM) exacerbated the toxicity (FIG. 9A). In
contrast, c1s-RSV protected against NMDA-mediated toxi-
city 1n a concentration-dependent manner (FIG. 9B). Hence,
the concentration-dependent dual response of trans-RSV on
neuroprotection 1s consistent with trans to c1s conversion at
low concentrations, increasing TyrRS levels (FIG. 3A), and
the retention of ‘trans-/tyrosine-like’ conformation at high
concentrations, causing TyrRS depletion (FIG. 3A). Inter-
estingly, c1s-RSV (50 mM) suppressed the neurotoxicity
induced by a DNA-damaging agent (etoposide, ETO)
(FIG. 17A), oxidative stress (H,O,) (FIG. 17B), and mito-
chondrial imhibition (MPP*) (FIG. 17C), but trans-RSV
(50 mM) did not protect against these neurotoxic agents.
Further, 1t was observed that cis-RSV-mediated rescue of
ETO-mediated DNA damage 15 reflected by decreased
levels of y-H2AX. To test 1t the observed effects of cis-
and trans-RSV on neurotoxicity are mediated via TyrRS,
siIRNA knockdown of TyrRS (siRNA#7RS) 1n rat cortical
neurons was carried out. Although TyrRS knockdown did
not significantly atfect the viability, 1t blunted the neuropro-
tective effects of ¢1s-RSV and did not diminish the toxicity
of trans-RSV (50 mM) upon NMDA treatment (FIG. 6C).
These results suggest that the neuroprotective ettect of cis-
RSV (and low-dose trans-RSV) 1s TyrRS dependent, but the
neurotoxic etfect of trans-RSV 1s TyrRS mdependent. More-
over, 1t was found that trans-RSV (50 mM) by 1tself was
neurotoxic 1 the rat primary cortical neuron cultures,
whereas c¢1s-RSV  protected against the neurotoxicity
induced by trans-RSV 1n a dose-dependent manner. Further-
more, a high concentration of trans-RSV and D-tyrosine
increased the levels of cleaved caspase-3 (a marker of apop-
tosis) m rat primary cortical neurons. In contrast, ¢1s-RSV
decreased the levels of caspase-3 cleavage. However, treat-
ment with either ISRIB, eEF2K mhibitor, or DA protected
against neurotoxic effects of trans-RSV, indicating a critical
role of sustained protein synthesis 1n neuronal DNA repair
and survival.

Ci1s-RSV and Trans-RSV Have Opposite Effects on the
Auto-PARylation of PARP1

[0167] Simular to the circadian regulation of tyrosime, the
auto-PARylation of PARPI 1s also circadian-regulated. Pre-
viously, it was observed that tyrosine mhibits the auto-PAR-
ylation of PARPI, while c1s-RSV 1induces a ‘tyrosine-free’
conformation m TyrRS to stimulate the auto-PARylation.
Because trans-RSV mumuics the ‘tyrosine-like’ conformation
in TyrRS, the effects of ¢1s- and trans-RSV on the auto-PAR-
ylation of PARPI was analyzed. ¢c1s-RSV, converted from a
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low concentration of trans-RSV (5 mM) 1n solution, stimu-
lates the auto-PARylation of PARPI1, whereas higher con-
centrations of trans-RSV (> 25 mM) mhibit the auto-PAR-
ylation of PARPI. Interestingly, the apparent K1 value of
trans-RSV-mediated inhibition of tyrosine activation by
TyrRS m an ATP-PP1 exchange assay was ~25 mM, which
1s the lowest concentration of trans-RSV that significantly
inhibits the auto-PARylation of PARPI. In addition, 1t was
previously shown that tyrosine inhibits auto-PARylation-
dependent acetylation of proteins. Further, 500 mg/day dos-
ing of trans-RSV (68.5 mM plasma level) mhibited the acet-
ylation of H3 at lysine 56 (AcK56-H3) in humans. Consis-
tently, trans-RSV (> 25 mM) mhibited H3 and H4
acetylation at lysmes 56 and 16, respectively (AcK56-H3
and AcK16-H4), whereas ¢c1s-RSV increased the acetylation
of H4 lysme 16 (AcK16-H4). Furthermore, TyrRS knock-
down dimiished the effects of low-concentration (5 mM)
trans-RSV and ¢1s-RSV (25 mM) on the auto-PARylation of
PARP1, supporting our previous findings using low-concen-
tration (£ 5 mM) trans-RSV.

C1s-RSV Stimulates the De-ADP-Ribosylation of Neuronal
Chromatin

[0168] Although HPF1 and serine-ADP-ribosylation
are decreased in AD brains, PARPI1 can also PARylate

on the glutamic/aspartic acid (Glw/Asp) residues of 1ts
substrates 1n the presence of broken DNA. Consistent
with the accumulation of neuronal DNA damage, the
brain samples of AD patients show increased levels of
nuclear PARylation, suggesting a potential role of DNA
damage-induced PARylation in neurons. Auto-PARyla-
tion dissociates PARP1 from the chromatin and inhibits
its activity, while the sustained presence of PARP1 on the
chromatin may trigger neurotoxicity. Because trans-RSV
inhibited the auto-PARylation and depleted HPF1 along
with serine-ADP-ribosylation, 1t was hypothesized that
trans-RSVwould increase PARP1-dependent trans-PAR -
ylation of the chromatin. Trans-RSV increased the asso-
ciation of PARP1 with the chromatin and increased the
levels of PARylated proteins in the chromatin fraction,
which can be potentially considered as reminiscent of
increased nuclear PARylation in AD brains. Further,
low concentrations of trans-RSV (£ 10 mM) and cis-
RSV prevented the interaction of PARP1 with histone
H3 while the higher concentrations (= 25 mM) of trans-
RSV increased it. Although cis-RSV-mediated auto-
PARylation of PARPI1 resulted 1in 1ts removal from the
chromatin, unexpectedly, 1t was tound that c1s-RSV acti-
vated the de-ADP-ribosylation of the chromatin fraction
along with higher levels of TyrRS. ADP-ribosyl-acceptor
hydrolase 3 (ARH3) removes nuclecar PARylation, and as
expected, cis-and trans-RSV had differential effects on
the recruitment of ARH3 to the chromatin. Despite hav-
ing increased levels of nuclear PARylation, the levels of
ARH3 remained unchanged 1n the hippocampal region of
human AD patients, indicating that ARH3 may not be
functional 1n human AD brain tissues in the absence of
TyrRS. Consistently, 1t was found that TyrRS interacted
with ARH3, suggesting a novel role of TyrRS 1n the
removal of nuclear PARylation that enhances neuronal
DNA repair and survival.
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“Trapped’ PARP1 Inhibits DNA Repair and Mediates the
Neurotoxic Ettects of Trans-RSV

[0169] Suicidal crosslinking of PARP1 to the damaged
DNA causes neurotoxicity, and therefore, cell survival
depends on removing ‘trapped’ PARPI1 from the broken
DNA by cither ablation or auto-PARylation. Because
trans-RSV caused DNA damage and mhibited the auto-
PARylation of PARPI, and ablation of PARPI rescues
‘trapped’ PARP1-mediated neurotoxicity, 1t was hypothe-
sized that trans-RSV-mediated neurotoxicity 1s exerted
through ‘trapped’ PARP1 on the damaged DNA. Consis-
tently, small nterfering RNA (siRNA) knockdown of
PARPI (siRNAMARPLY - protected against trans-RSV-
mediated neurotoxicity but did not interfere with the effect
of c1s-RSV. These results indicate that while ‘trapped’
PARP1 mediates the neurotoxic effects of trans-RSV, cis-
RSV eflects are not dependent on PARPI1 alone. Consis-
tently, 1t was found that cis-RSVtacilitated the recruitment
of PARP2 along with other DNA repair factors such as
HPF1 and OGGI1 to the chromatin while trans-RSV pre-
vented theiwr recruitment. However, PARP1 mhibits flap
endonuclease (FENI1)-dependent long patch base excision
repair (LP-BER), and consistently, ¢1s-RSV decreased the
recruitment of FENI, indicating a potential role of TyrRS/
ARH3-dependent de-ADP-ribosylation of PARP1 1n limiat-
ing long patch BER. As further evidence of DNA repair, 1t
was assessed whether DNA synthesis occurred following
ci1s- or trans-RSVtreatment. The mcorporation of nucleoside
analogs mto DNA from non-dividing neurons was pre-
viously used as a readout of neuronal DNA repair and deple-
tion of PARP1 using siRNA or imnhibition of PARP1 using
small molecules imcreases the mcorporation of nucleoside
analogs. In agreement with the observation that ‘trapped’
PARP1 on the DNA mmpairs BER, trans-RSV prevented
the mcorporation of the nucleoside analog CldU into DNA
fibers 1solated from neurons, suggesting that DNA-repair
associated synthesis 1s severely inhibited by trans-RSV. In
contrast, CldU incorporation after c1s-RSV treatment was
detectable albeit reduced by 15-20% compared to control,
suggesting the activation of PARPI-dependent short patch
BER (SP-BER), potentially through the displacement of
FEN1 and/or increased recruitment of unmodified PARP1
to the chromatin that limits DNA resection/reparir.

PARP Inhibitors Are Neurotoxic in HR-Deficient Post-
Mitotic Neurons

[0170] Post-mitotic neurons are homologous recombina-
tion (HR)-deficient and utilize nonhomologous end-joiming
(NHEJ) for DNA repair. Interestingly, H3 serine-ADP-r1bo-
sylation facilitates NHEJ and Ku-dependent DNA repair 1s
inhibited 1n AD brains. While PARP1 depletion increases
HR, PARP inhibitors drive toxic NHEJ 1in HR-deficient
cells mn an ataxia-telangiectasia mutated (ATM)-dependent
manner. Because 1t was previously shown that TyrRS acti-
vates ATM through acetylation and cis-and trans-RSV have
opposite effects on TyrRS levels and the auto-PARylation of
PARPI1, the effect of well-known PARP inhibitors on cis-
and trans-RSV-mediated effects on neurons was tested.
While treatment with the PARPI1-specific inhibitor AG-
14361 (AG) did not affect ci1s-RSV-mediated neuroprotec-
tive effects, treatment with olapanb (Ola) (inhibits both
PARPI and 2) mitigated the neuroprotective efiects of cis-
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RSV and did not affect trans-RSV-mediated neurotoxicity.
Because siRNAZRPL matigated the effect of trans-RSV,
taken together, these results mdicate a critical neuroprotec-
tive role of PARP2, which may be utilized by ¢1s-RSV 1n the
absence of PARP1. Moreover, 1t was found that PARP 1nhi-
bitors themselves decreased neuronal, induced neuronal
DNA damage and neurite degeneration, suggesting that
PARP mbhibitors trigger cell death 1in post-mitotic HR-defi-
cient neurons through the mhibition of H3 serine-ADP-r1bo-
sylation-dependent NHEJ.

[0171] Taken together, the mechanism for opposite effects
of ci1s- and trans-RSV on neuronal survival emerging from
our studies 1s 1llustrated 1n FIG. 8E. In this model, different
forms of stress facilitate the mteraction of TyrRS with
PARP4 leading to their auto-serime-PARylation and subse-
quent removal from the damaged DNA allowing recruat-
ment of DNA repair factors such as HPF1, ARH3, and
OGGI1 to reparr the damage efficiently. ¢i1s-RSV-bound
TyrRS facilitates the removal of auto-serine-PARylated
PARP'2 from chromatin while activating ARH3-mediated
removal of ADP-ribose to achieve efficient neuronal DNA
repair while limiting increased nucleotide incorporation/
DNA repair and toxic NHEJ. In contrast, treatment with
trans-RSV decreases TyrRS, 1 the absence of which
PARP gets ‘trapped’ on the damaged DNA and mmpedes
DNA repair leading to subsequent accumulation of DNA
damage that drives neurodegeneration.

[0172] Synaptic protein synthesis 1s mainly regulated by
monosomes. Therefore, strategies that increase the accumu-
lation of neuronal monosomes may stimulate neurocogni-
tive effects. Because ¢1s-RSV mnduced the phosphorylation
of elF2a, the effect of c1s-RSV on monosome formation n
rat cortical neurons was tested. Interestingly, c1s-RSV was
found to stimulate the formation of monosomes, mimicking
the etfects of rapamycin which 1s known to mduce mono-
some formation potentially by mhibiting global protein
synthesis. Because Rab7a-associated late endosomes act as
platform for mRNA translation 1n synapse-associated mito-
chondnal proteins, ¢1s-RSV ability to increases the interac-
tion of raptor with Rab7a was tested. Immunoprecipitation
data showed that c1s-RSV increases the association of raptor
with Rab7a, providing a potential mechanism of mono-

some-associated translation of synaptic TyrRS.
[0173] Because the physiological levels of amyloid beta

42 (< 50 pM) 1s decreased 1n AD brains and Ab42 1s essen-
tial for memory formation, the etfect of physiological amy-
loid beta on neuronal TyrRS levels was tested. It was dis-
covered that picomolar amyloid beta 42 (5-50 pM) 1s an
endogenous stimulator of monosome formation, histone ser-

ine 10 ADP-ribosylation and neuronal TyrRS levels.
[0174] Taken together these data suggests that chromatin-

bound TyrRS 1s an inhibitor of classic NHEJ and 1ts removal
by L-tyrosine facilitates neuronal DNA repair through clas-
sic NHEJ. Therefore, age-associated increase 1n serum tyr-
osine levels may increase classic NHEJ but may mnhibit neu-
ronal activity/Ab42-dependent SP-BER, which 1s essential
for memory formation. Our study also i1mplies that c1s-RSV-
mediated DNA repair may protect against DNA repair mbha-
bitors that prevents PARPI-dependent DNA repair. For
example, mammalian Rad52 promotes camptothecin
(CPT)-1nduced cell death through the mhibition of PARPI-
mediated single strand DNA break repair (SSBR). Rad52
strongly binds to single strand DNA (ssDNA) and activated
PARPI through 1ts PAR chains and mhibits XRCC]1-ligase
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[ interaction. In the absence of Rad52, PARP-mediated
SSBR protects against CPT-mmduced damage. Therefore,
Rad52 mterferes with SSBR, which promotes double strand
DNA breaks (DSB) generation and neuronal cell death.
However, Rad52 1s essential for transcriptioncoupled homo-
logous recombination (TC-HR) mediated through topoi-
somerase 1-mediated SSR, potentially facilitating short-
patch base excision repair utilizing DNA polymerase beta
and ligase III mm a PARPI1-dependent manner. Because
most vertebrate/mammalian cells are not 1n S phase, they
cannot depend on homologous recombination (HR)-depen-
dent DNA repair processes. Theretfore, they utilize PARP1/
ligase III pathway to repair single strand DNA breaks.
Theretore, PARP-mediated SSBR may play a major role 1n
preventing DSB generation, thus promoting cell survival
after CPT treatment/topoisomerase I-mediated transcrip-
fional activation. Therefore, localization of PARPI to
TOPO I-generated single stranded DNA 1s essential to pre-
vent unregulated recruitment of Ku and ligase IV (compo-
nents of NHEJ) to the single ended DNA breaks and consis-
tently, PARP1 inhibitors induce toxic NHEJ. Moreover,
NHEJ can be a cytotoxic pathway 1n the presence of CPT.
Therefore, PARPI 1s essential to protect against topoisome-
rase I-mediated single strand DNA breaks while facilitating
transcriptional activation. Consistently, BDNF protects
against CPT-mediated neurotoxicity. These observations
suggested that TyrRS/c1s-RSV-mediated activation of
PARP1 may facilitates the repair of SSB, induced by neuro-
toxic agents like Ab42 through the recruitment of ligase 111
to activate short-patch base excision repair (SP-BER). How-
ever, tyrosine/trans-resveratrol-bound form of TyrRS may
tacilitate the recruitment of ligase IV and Ku, which would
exacerbate  topoisomerase  1-mediated SSB and
neurotoxicity.

Discussion

[0175] This study shows that tyrosine 1S a negative regu-
lator of TyrRS levels, thus providing a potential molecular
basis for the decreased protemn synthesis in AD brains, tyr-
osine-mediated cognitive impairments and mhibition of pro-
tein synthesis, increased oxidative DNA damage 1n aged
neurons, and the circadian modulation of synaptic TyrRS.
Interestingly, mutant amino acid transporter that accumu-
lates tyrosine in Neurospora crassa 1S sensitive to tyrosine
and 1ts detoxification 1s essential for the survival of hemato-
phagous 1nsects. Because synaptic plasticity 1s regulated at
the elongation step, 1t 1s concervable that tyrosine-mediated
regulation of TyrRS might be an evolutionary conserved
negative feedback regulatory mechanism of protein synth-
es1s exploited by neurons to enhance plasticity. Since tyro-
sine levels are decreased during the nadir/trough of circa-
dian rhythm, these findings might also provide a molecular
basis for sleep-stimulated brain protein synthesis and mem-
ory formation. Because CR lowers tyrosine levels, which 1s
increased during aging, these results also provide a potential
molecular basis for CR-mediated activation of BER and
sleep-mediated activation of neuronal DNA repair.

[0176] Interestingly, exercise stimulates the production of
BDNF, and DA 1s also known to activate PARP1-dependent
DNA repair and stimulates protemn synthesis in humans.
Aging 1s the single most important contributing factor to
the development of AD. Intriguingly, AD does not occur
naturally 1n naked mole-rats (NMR), which are the long-
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est-lived rodents resistant to AD. Because naked mole-rats
maintain lower levels of tyrosine and higher levels of auto-
PARylation of PARPI, 1t 1s tempting to speculate that
decreased levels of tyrosine in naked mole-rats contribute
to their longevity and resistance to AD through enhanced
TyrRS/PARP1-dependent DNA repair, speculation that
will need to be explored 1n the future. Although increased
levels of branched-chain amino acids (BCAAs) are asso-
clated with metabolic disorders, 1n this context, 1t 1S mnterest-
ing to note that the levels of BCAASs are decreased in AD as
well as in ASD. Whether mcreased levels of tyrosine mn chil-
dren with ASD or mutations of amino acid transporter
(LAT1) mn the bramn contribute to the increased incidence
of mutations and dysregulated protemn synthesis mn ASD
will be of future research mterest. Since centenarians retain
high levels of PARylation, which 1s also required for long-
term memory formation, these observations suggest that
decreased tyrosine levels may be an endogenous stimulator
of TyrRS-mediated auto-PARylation of PARPI and asso-
clated signaling events, which are dysregulated during
aging and 1n neurocognitive and metabolic disorders. There-
fore, tyrosme-mediated depletion of TyrRS and tyrosine-
mediated induction of 8-0x0-dG, yH2AX and DNA damage
shown here may have causal effects in human aging, motor,
cognitive, and metabolic disorders.

[0177] However, this 1s the first time 1t has been demon-
strated that D-tyrosine 1s a potent mhibitor of TyrRS/
PARP1/HPF1-dependent  serine-ADP-ribosylation  and
DNA repair, suggesting that D-tyrosine and 1ts derivatives
(including trans-RSV and 1ts derivatives) would be 1deal to
inhibit PARP1-dependent DNA repair 1n cancer cells. This
novel mechanism of action of D-tyrosme-mediated mhibi-
tion of HPF1-mediated serine-ADP-ribosylation might con-
stitute the development of a novel class of PARP1 mhibitors
that would 1inhibit different types of DNA repair pathways
very etficiently.

[0178] This study also provides a potential molecular
explanation for high dose trans-RSV-mediated brain volume
loss 1n AD patients, worsening memory 1n schizophrema,
and increased CVD risk, stmilar to high concentrations of
trans-RSV that depletes TyrRS and exacerbates neurotoxic
elfects. On the other hand, low-dose RSV studies that report
beneficial cognitive benefits 1n postmenopausal women and
protect against human heart failure used 50-75 mg twice a
day dose of RSV (e.g., 6-9 uM RSV/dose) similar to low
concentrations of trans-RSV that, like c1s-RSV, increase
TyrRS and provide neuroprotective effects in this study.
Oxidative DNA damage 1s consistently elevated in CVD
and PARP1-dependent DNA repair and 18 inhibited 1n mice
models of heart failure. Because inflammation inhibits
PARPI1-dependent DNA repair, PARPI modulates chroma-
tin modification, and gene expression potentially regulates
myelination, a CaMKII-dependent neurogenic program and
long-term memory formation future studies are required to
determine 1f these functions of PARPI are affected in AD
brains and contribute to the cis- and trans-RSV-mediated
neuronal effects shown here.

[0179] Interestingly, ¢1s-RSV induces the formation of
monosomes similar to rapamycin. This data suggests that
c1s-RSV potentially increases neuronal TyrRS translation
on Rab7a-coated late endosomes by increasing the associa-

tion of raptor with Rab7a.
[0180] Picomolar Ab42 (5-50 pM) peptide was also found
to be an endogenous stimulator of monosome formation,
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histone serine 10 ADP-ribosylation and neuronal TyrRS
levels.

[0181] This study suggests that the PARP1/HPF1-depen-
dent DNA repair pathway 1s decreased 1n the brains of AD
patients, potentially providing a molecular basis for single
strand DNA break-mediated neurodegeneration in AD
brains and other neurodegenerative diseases. However, this
study also indicates a potential role of Ab42 1n the retention
of topoisomerase I-mediated single strand DNA break
through the recruitment of Rad52, which 1s essential for
the transcription of long-neuronal genes, such as Ube3A,
that are decreased in AD and 1n ASDs. This indicates a
unique role of physiological Ab42 m sustaining topoisome-
rase I-mediated synaptic gene expression. Therefore, the
inhibition of the Ab42 production using BACE inhibitors
may stimulate neuronal DNA repair through classic NHEJ
and PARP1-dependent alternative NHEJ, resulting in cogni-
tive impairment by mhibiting the Topoisomerase I-mediated
oene expression like Ube3A. Interestingly, histone serine 10
phosphorylation 1s also increased 1 cardiovascular diseases,
suggesting that PARP1/HPF1-mediated histone serine ADP-
ribosylation 1s imhibited during heart failure and other
CVDs. Because PARP1 1s essential to protect against topoi-
somerase I-mediated single strand DNA breaks and tran-
scription-mediated DNA damage, and BDNF protects
agaimnst CPT-mediated neurotoxicity and enhances cardio-
protection after stroke, 1schemia, repertusion, and myocar-
dial Infarction, agents that stimulate TyrRS-mediated acti-
vation of PARP1 and histone serine-ADP-ribosylation (like
cis-resveratrol) may facilitate the repair of SSB induced by
neurotoxic agents like Ab42 and tyrosine/phenylalanine
through the recruitment of ligase III to activate SP-BER.
However, strategies that increase the levels of Rad32 may
prevent NHEJ and HR-mediated DNA repair and may pos-
sess anfi-cancer effects without causing neurotoxicity. This
might provide an avenue for the development of novel anti-
cancer compounds without causing neuro/cardiotoxic
effects. In contrast, tyrosine/trans-RSV-bound form of
TyrRS may facilitate the recruitment of ligase IV and Ku,
which would exacerbate topoisomerase 1-mediated SSB
and cytotoxicity through toxic NHEJ, a mechanism
exploited by currently available PARP1 mhibitors for anti-
cancer treatments.

[0182] Strategies to mhibit tyrosine-mediated 1ncrease 1n
neuronal DNA repair through NHEJ while stimulating
TyrRS/PARP-dependent SP-BER  during activity/Ab42/
topoisomerase I-mediated transcriptional activation may
have therapeutic benefits in AD and other neurocognitive
disorders driven by tyrosme/phenylalanine.

[0183] Therefore, 1n addition to a plausible explanation
for the apparent benefits of low doses of trans-RSV and
TyrRS being already nominated as a therapeutic target
against AD by the National Institute on Aging’s Accelerat-
ing Medicines Partnership mm Alzheimer’s Disease (AMP-
AD) consortium (Agora, Sage Bionetworks), this study sug-
pests that ¢1s-RSV or compounds that use ¢1s-RSV contor-
mation as a pharmacophore may help 1 the chronotherapy
of age-associated neurocognitive disorders and potentially

degenerative and metabolic diseases of other tissues.
[0184] While certain embodiments of the disclosed sub-

ject matter have been described using specific terms, such
description 18 for illustrative purposes only, and 1t 1s to be
understood that changes and variations may be made with-
out departing from the spirit or scope of the subject matter.
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In particular, this written description uses examples to dis-
close the presently disclosed subject matter, mncluding the
best mode, and also to enable any person skilled 1n the art
to practice the presently disclosed subject matter, mncluding
making and using any devices or systems and performing
any incorporated methods. The patentable scope of the pre-
sently disclosed subject matter 1s defined by the claims, and
may nclude other examples that occur to those skilled 1n the
art. Such other examples are mtended to be within the scope
of the claims 1t they mnclude structural and/or step elements
that do not differ from the literal language of the claims, or 1t
they 1nclude equivalent structural and/or elements or steps
with 1nsubstantial differences from the literal language of
the claims.

O (IT)

or a pharmaceutically acceptable salt and their 1somers
thereof.

3. The method of claim 1, the compound having the For-
mula: or

What 1s claimed:

1. A method of modulating a DNA damage response, com-
prising contacting a cell culture with a compound having
Formula:

(D

or a pharmaceutically acceptable salt thereof.
4. The method of claim 1, the compound having the
Formula:

(IV)

or a pharmaceutically acceptable salt and their 1somers
thereol, wherein:
ring A 1s a substituted or unsubstituted carbocyclyl, substi-
tuted or unsubstituted heterocyclyl, substituted or unsub-
stituted aryl, substituted or unsubstituted heteroaryl; and
R1 1s

or a pharmaceutically acceptable salt and their 1somers
thereof.
9 5. The method of claim 1, wherein the amino acid side chain
‘2?1 JLN Ay 1s selected from —H, —CH;, —CH»SeH, —CH,CO-H,

—_CH,OH, —_CH(CH,)OH, —_CH,CH,CO,H,
__CH,CH,CONH,,

() -
\ 1 s
X

wherein X 1s an amino acid side chain.
2. The method of claim 1, the compound having the
Formula: -
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6. Themethod of claim 1, wherein the cell culture expresses
poly-ADP-ribose polymerase 1 (PARP1).

7. The method of claim 1, wherein the compound 1s a
resveratrol dervative.

8. A method of treating a disorder, the method comprising
administering to a subject 1n need thereof a therapeutically
effective amount of a pharmaceutical composition compris-
ing a compound having Formula:

(D

Sep. 14, 2023
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or a pharmaceutically acceptable salt and their 1somers
thereof, wherein:
ring A 1s a substituted or unsubstituted carbocyclyl, substi-
tuted or unsubstituted heterocyclyl, substituted or unsub-
stituted aryl, substituted or unsubstituted heteroaryl; and
R1 1s

E/LN/\X |

0O  CO,H

N

W
N X
|

wherein X 18 an amino acid side chain.

9. The method of claim 8, the compound having the
Formula:

O (IT)

or a pharmaceutically acceptable salt and their 1somers
thereof.

10. The method of claim 8, the compound having the
Formula:

or a pharmaceutically acceptable salt thereof.

11. The method of claim 8, the compound having the
Formula:
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(IV)

or a pharmaceutically acceptable salt and their 1somers

thereof.
12. The method of claim 8, wherein the amino acid side

chain 1s selected from —H, —CH;, —CH,SeH,
—CH,CO,H, —CH,OH, —CH(CH;)OH,
—CH,CH,CO,H, —CH,CH,CONH,,

_ N _}

T

O

CH,"

NI

N /\/CI“}.2

H.N
2 H
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CH,"
HO : :

13. The method of claim 8, wheren the disorder 1s a neuro-
cognitive and/or sleep disorder.

14. The method of claim 13, where 1 the neurocognitive
and/or sleep disorderis selected from insomnia, hypersomnia,
frontotemporal dementia, Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis, multiple sclerosis,
Huntington’s disease, epilepsy and se1zures, learning disabil-
ities, neuromuscular disorders, Cockayne syndrome, cerebral
palsy, dystoma, spinocerebellar ataxia with axonal neuropa-
thy-1 (SCANI), Angelman Syndrome, COVID-19-related
neurocognitive problems, chemotherapy-associated neuro-
cognitive problems including ‘chemo brain, autism spectrum
disorder (ASD), delirum, mild-cognitive impairment, trau-
matic brain mjury, phenylketonuria, or tyrosinemaa.

15. The method of claim 8, wherein the disorder 1s a meta-
bolic disorder.

16. Themethod of claim 15, wherein the metabolic disorder

1s selected from heart failure, cardiovascular disease, autoim-
mune-related disorders, myocardial 1schemia reperfusion
injury, hypertension, stroke, septic encephalopathy, diabetes,
obesity, sepsis, Systemic Lupus Erythematosus or
inflammation.

17. The method of claim 8, wherein the disorder 1s selected
from breast cancer, ovarian cancer, colon cancer, pancreatic
cancer, lung cancer, prostate cancer, brain tumor, leukemuia,

bone cancer and cachexia.

18. The method of claim 8, wherein the side chain1s the side
chain of an amino acid selected from a group consisting of:
alanine, arginine, asparagine, aspartic acid, cysteme, gluta-
mic acid, glutamine, glycme, histidine, 1soleucine, leucine,
lysine, methionine, phenylalanine, proline, serine, threonine,
tryptophan, tyrosine, and valine.

19. The method of claim 8, wherein the compound 1s a D-
tyrosine derivative.

20. The method of claim 8, wherein the compound 1s admi-

nistered to the subject at a dose of from about 1 uM to about
100 uM.
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